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Abstract 
The entire comparative estimation comprises four sections:
1. Embodied environmental implications of different structural systems of wooden buildings;
2. Embodied ecological efficiency of diverse constructions composed of various materials;
3. LCA of building models comprising equivalent thermal performance;
4. LCA of building models exhibiting similar seismic behaviour.
First, the LCA results for thirty realised buildings are analysed based on the inventory of 
each project. This evaluation is intended to quantify and compare the embodied 
environmental burdens caused by different structural systems of timber houses. The second 
section is a comparative evaluation of the embodied ecological impacts caused by different 
materials, when used in the same construction. This study aims to investigate the ecological 
efficiency of various materials in the form of whole structures. With regard to making a 
compatible and reasonable LCA comparison, however, the appraisal needs a more scientific 
framework. In order to address this insufficiency, the third and fourth LCA studies are 
carried out.
The third section involves various buildings made of different materials but providing 
equivalent thermal performance. Within this estimation, the thermal performance of a 
building is simply represented by the thermal inertia of its outer walls. Constructions 
composed of alternative envelopes are established and LCA based on the inventories of 
these structures are carried out. The fourth section examines three structures composed of 
three building materials but exhibiting similar seismic behaviour. In this study, the horizontal 
stiffness of the entire building against earthquakes indicates its seismic performance. The 
simulation develops alternative multi-storey buildings according to the seismic performance. 
The environmental impacts of the three buildings are quantified and compared. Both the 
third and fourth sections take the recycling scenarios into account. The impact of disposal 
after the end-of-life and the contribution from reuse and recovery are integrated into the 
overall impact assessment.
Defining the system boundary and scope is essential for LCA studies. Normally, LCA 
framework refers to a ‘from-cradle-to-grave’ scenario, including the manufacturing, utilisation 
and dismantling phases. In the studies here, however, the estimation is focused on the 
production and recycling stages, without the results for utilisation and maintenance. This 
appraisal is the so-called ‘from-cradle-to-gate’ plus ‘from-gate-to-grave’ system.
Compared to former research, this dissertation raises a couple of innovative contributions to 
the sustainability appraisals of constructions:
1. The scopes are focused on the structural part of buildings, considering the congruent 
system boundary for LCA.
2. A series of LCAs compare various building materials in the form of construction, 
integrating diverse aspects about buildings like thermal and seismic performance.
3. These LCAs are based on consistent prerequisites and make it possible to compare the 
results comprehensively.
4. In addition to embodied implications, these LCA quantify the contribution from material 
recycling.
5. This study divides the timber buildings according to their structural systems and 
estimates them individually.
Kurzfassung 
Die vergleichende Bewertung der Umweltleistung mehrgeschossiger Wohnbauten umfasst 
vier Abschnitte:
1. Ökologische Auswirkungen der Bereitstellung und Bearbeitung von Holz für  verschiedene 
Tragsysteme;
2. Material- und herstellungsinduzierte (graue) Umwelteffizienz von verschiedenen 
Materialien und Bauweisen;
3. Ökobilanzierung von Gebäuden mit gleichen thermischen Eigenschaften;
4. Ökobilanzierung von Gebäuden mit ähnlichem seismischen Verhalten.
Zunächst werden die Ergebnisse der Ökobilanz für dreißig realisierte Bauten auf der 
Grundlage der Sachbilanzen analysiert. Diese Auswertung vergleicht und quantifiziert die 
materialbezogene Umweltbelastung für verschiedene Tragsysteme mehrgeschossiger 
Wohnbauten aus Holz. 
Der zweite Abschnitt vergleicht die ökologischen Auswirkungen verschiedener Baustoffe, 
wobei jeweils der gleiche Konstruktionstyp zugrunde gelegt wird. Das Ziel dieser Studie ist 
die Untersuchung der Umwelteffizienz unterschiedlicher Materialien auf der Ebene der 
Gebäudeteile. In Hinblick auf die Kompatibilität und Plausibilität der Ökobilanz wird mit der 
dritten und vierten  LCA ein einheitlicher Bewertungsansatz geschaffen. 
Der dritte Abschnitt handelt von verschiedenen Gebäudetypen mit gleichem Wärmestandard 
aber unterschiedlichen Baustoffen, wobei die Wärmeeffizienz vereinfachend durch den 
Wärmedurchgangswiderstand der Außenwände erfasst wird. Es werden Baukonstruktionen 
mit alternativen Gebäudehüllen entwickelt und auf der Grundlage der Sachbilanzen 
ökologisch bewertet. 
Der vierte Abschnitt untersucht drei Strukturen aus verschiedenen Baustoffen mit ähnlichem 
seismischen Verhalten. Diese Studie verwendet die horizontale Steifigkeit des Gebäudes 
gegen Erdbebenerschütterungen als Indikator für die seismische Leistungsfähigkeit. Auf der 
Basis dieses Indikators werden konstruktive Alternativen für mehrgeschossige Gebäuden 
entwickelt und deren Umweltwirkungen quantitativ ermittelt. 
Sowohl im dritten als auch im vierten Abschnitt werden unterschiedliche  
Recyclingszenarien berücksichtigt. Die Auswirkungen auf die Umwelt, die nach der 
Nutzungsdauer infolge der Abfallbeseitigung, des Materialrecycling oder die 
Wiederverwendung entstehen, werden in die gesamte Umweltwirkungsabschätzung 
integriert.
Die Festlegung der Systemgrenzen und der Umfang der Betrachtung ist für die Ökobilanz 
unerlässlich. Normalerweise betrachten diese alle Lebenszyklusphasen eines Produkts, 
einschließlich Herstellung, Nutzung und Recyclings („from-cradle-to-grave“). Die hier 
betrachteten Untersuchungen beschränken sich jedoch auf die Phasen der Produktion und 
des Recyclings. Umweltauswirkungen infolge der Nutzung und Wartung des Gebäudes 
werden nicht berücksichtigt ( „from-cradle-to-gate“ und „from-gate-to-grave“). 
Im Vergleich mit früheren Forschungsergebnissen arbeitet diese Dissertation innovative 
Beiträge zur Umweltbewertung von Baukonstruktionen heraus:
1. Der Rahmen der Untersuchung erstreckt sich auf die Bauteile der Gebäudestruktur, was 
zu einer einheitlichen Systemgrenze für die Ökobilanzen führt.
2. Die Datenreihen der Ökobilanzen vergleichen verschiedenartige Baumaterialien auf der 
Ebene von Gebäudeteilen unter verschiedenen Aspekten.
3. Diesen Ökobilanzen liegen einheitliche Voraussetzungen zugrunde. Dadurch ist es 
möglich, die Ergebnisse umfassend zu vergleichen.
4. Neben den material- und herstellungsinduzierten Umweltauswirkungen quantifizieren 
diese Ökobilanzen direkt den Beitrag des Materialrecyclings.
5. Die Arbeit klassifiziert die mehrgeschossigen Holzbauten nach Tragsystemen und 
bewertet diese individuell.
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1 INTRODUCTION
1.1 MOTIVATION AND INTENTION
The purpose of this dissertation is to evaluate the environmental efficiency of timber 
structures and compare the ecological performance of diverse building materials. The 
estimation is based on the concept of life cycle assessment (LCA). The aim is to quantify the 
environmental impacts caused by diverse constructions and explore the critical processes 
within the building industry.
Owing to the progressed timber engineering, multi-storey wooden houses have been 
established in a considerable amount around the developed countries, such as Germany, 
Switzerland and United Kingdom. Wood possesses certain predominance as far as structural 
behaviour and building physics are concerned. It consists of structural flexibility and high 
strength-to-weight ratio. The characteristics make timber feasible for a variety of load-
bearing circumstances, including seismic attack. With regard to thermal performance, 
wood’s conductivity is lower than other building materials like brick, concrete and steel. It 
means that, as external wall, timber comprises better thermal resistance against the heating 
transfer.
Modern wooden buildings erected in recent years have demonstrated that timber 
construction is suitable in the urban context and serviceable for various requirements. These 
buildings are located in human settlement with high density. Their categories comprise 
residential house, collective housing and public facility.
On the other hand, the concern about sustainable development has arisen vastly in the last 
decades. People have been searching for adaptive ways of living for both human society and 
the whole ecosphere. Under this trend, products or services that are testified as sustainable 
solutions may tend to be accepted and utilised by consumers. A growing number of 
authentication frameworks for sustainability appraisal are the testimonies of this trend of 
ideology.
Some studies have stated that wood is an eco-friendly material in terms of greenhouse 
gases emission and fossil fuel energy depletion. Application of timber results in positive 
effect for climate change mitigation and energy conservation. The ecological efficiency of 
wood results from both its intrinsic characteristics, such as carbon storage, and the 
renewable potential after the end of life cycle.
Nowadays, however, the comprehensive appraisal for the sustainability of timber 
construction remains scarce. First, the quantitative study upon the entire wooden assembly 
is seldom available. Second, the research about the state of the art of modern timber 
structures is still rare. Third, the scope of the evaluation is probably controversial due to the 
discrepancy of the system boundary of diverse studies. Finally, although some academic 
efforts have been dedicated in exploring the environmental performance of different 
materials, the consequences are lack of comparative and comprehensive estimation. This 
may cause confusion and obstruction for decision making in practical engineering.
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Thus, an adaptive and persuasive framework for the sustainability appraisal is necessary. In 
the meanwhile, the comparative study based on consistent basis is significant for both 
academia and industry.
Life cycle assessment is a generally approved and widely applied method for evaluating the 
environmental efficiency of a product, assembly or service. International Organisation for 
Standardisation (ISO) as well as numerous institutes have established a reliable framework 
and principle for the sustainability assessment. Based on a perspective over the whole life 
span, the LCA conduces to determine the environmental burdens caused by relevant human 
activities. By means of bottom-up or top-down methods, LCA can be intended for 
complicated products. On the other hand, the consistent evaluating method for various 
assemblies paves an access to sustainability comparison in a convincing way.
Comparative estimation provides a reliable basis for the decision making in the industry or 
practical engineering. The users are able to adopt an adequate process or product. The 
consequences help enhance the industrial condition to alleviate the entire environmental 
impact.
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1.2 PURPOSE AND GOAL
The purposes of this dissertation contain five targets:
1. to evaluate the ecological efficiency of multi-storey timber buildings;
2. to converge the research scope and draw attention to specific life cycle stages;
3. to compare the environmental performance of diverse structural materials and systems;
4. to investigate the critical processes within the technical life cycle phases;
5. to indicate adequate solutions for decision making in engineering.
Compared to former research, this dissertation raises a couple of innovative contributions to 
the sustainability appraisals of constructions. Although numerous studies have been 
dedicated in this theme, some consequences remain vague and need further analyses. A 
series of estimations in this dissertation are intended for dealing with these problems. Table 
1.1 underlines the breakthrough of this research.
Tabel 1.1 Contribution of the dissertation
Former condition Innovation of this dissertation
The research scopes of diverse 
studies differ from each other and this 
causes obstacles for comparison.
The scopes are focused on the 
structural part of buildings, leading to 
congruent system boundary.
Former LCAs primarily analyse and 
compare individual material, lack of 
the evaluation about the whole 
construction assemblies.
A series of LCAs compare various 
building materials in the form of 
construction assembly, integrating 
diverse aspects about buildings.
Although comparative estimations, 
former LCAs do not consist of reliable 
and reasonable bases.
These LCAs are based on consistent 
prerequisites and make it possible to 
compare the results comprehensively.
Former research is lack of collective 
considerations about different life 
cycle phases.
In addition to embodied implications, 
these LCA concretely quantify the 
contribution from material recycling.
Current studies analyse the timber 
structure in a general way, without 
delicate categorisation.
This study divides the timber buildings 
depending on their structural systems 
and estimate them individually.
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1.3 FRAMEWORK AND PROCEDURE
Figure 1.1 illustrates the processes of this research. The method corresponds to the 
framework defined by ISO and reveals robust basis for LCA about buildings.
Literature Review
Reference 
Collection
Expertise 
Consulting
Defining Goal and Scope
Field 
Investigation
Data Collection
Inventory 
Construction
Databases Data Analyses Program
Statistic Result Quantitative Qualitative
Interpretation
Conclusion Suggestion
Figure 1.1 Framework and procedure
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2 LITERATURE REVIEW
2.1 MULTI-STOREY TIMBER BUILDING
2.1.1 Engineered Timber and Connecting Techniques
Lattke and Lehmann have revealed the development of multi-storey timber construction 
around Europe based on the current case studies [93]. The evolution depends on some 
fundamental development and tides of thought:
1. Elaborate engineered timber as well as connecting techniques
2. Building code and norm for higher wooden buildings
3. Environmental debate and sustainable consideration
As far as contemporary multi-storey timber buildings are concerned, the most commonly 
applied wooden structural elements consist of [93]:
1. Stack-of-plank
2. Cross-laminated timber and glulam 
3. Shaped element and hollow box girder
4. Board element
5. Wood-concrete compound and other composite elements
6. Post-and-beam
These structural components may possess distinct or mutual characteristics. The profile, 
mechanical concept and application of each system are shown hereinafter. This section is 
focused on the structural elements, while the structural systems are shown in Ch.2.1.3.
1. Stack-of-plank
This refers to a sort of engineered timber composed of a series of planks and then 
combined by means of transversal elements, which are normally hardwood dowels or 
sometimes slender metallic bars [43][57]. The smoothness of the inner surface of the planks 
and the firmness of connection ensure the robustness of the whole assemblies and the 
tightness of isolating properties such as thermal and acoustic performance. With a variety of 
prefabrication technologies, the dimensions, profile and structural capacity of the stack-of-
plank can be modified and then used for a wide range of applications. 
As far as the stack-of-plank flooring system is concerned, for example, the maximum span 
of columns of simple-supported beams is shown in Table 2.1 [74]. The results are calculated 
depending on the loading upon the floor and the thickness of the flooring system. The 
determination of the span must take the fulfillment of deflection into account.
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Table 2.1 Maximum span of columns of stack-of-plank flooring [74].
Thickness of 
floor (cm)
Total loading on floor (kN/m2)
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0
8.0 4.3 3.9 3.6 3.4 3.2 3.1 3.0 2.9 2.8 2.7 2.6 2.6 2.5 2.5
10.0 5.4 4.9 4.5 4.3 4.1 3.9 3.7 3.6 3.5 3.4 3.3 3.2 3.1 3.1
12.0 6.5 5.9 5.5 5.1 4.9 4.7 4.5 4.3 4.2 4.1 4.0 3.9 3.8 3.7
14.0 7.5 6.9 6.4 6.0 5.7 5.4 5.2 5.0 4.9 4.7 4.6 4.5 4.4 4.3
16.0 8.6 7.8 7.3 6.8 6.5 6.2 6.0 5.8 5.6 5.4 5.3 5.2 5.0 4.9
18.0 9.7 8.8 8.2 7.7 7.3 7.0 6.7 6.5 6.3 6.1 5.9 5.8 5.7 5.5
20.0 10.8 9.8 9.1 8.5 8.1 7.8 7.5 7.2 7.0 6.8 6.6 6.4 6.3 6.2
22.0 11.8 10.8 10.0 9.4 8.9 8.5 8.2 7.9 7.7 7.5 7.3 7.1 6.9 6.8
The profile of the stack-of-plank is depicted in the figures below.
Figure 2.1 Stack-of-plank [9] Figure 2.2 Stack-of-plank
Figure 2.3 Stack-of-plank [74] Figure 2.4 Stack-of-plank
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2. Cross-laminated timber and glulam
Cross-laminated timber (CLT) comprises at least three layers of wooden plates and is 
bonded together generally with glue in an intercross way. Based on the almost flawless 
wooden components as well as the gluing techniques, the dimensions and structural 
properties of this engineered timber are very stable and adaptable. Cross-laminated timber 
can be utilised in vertical and horizontal elements for a high magnitude of loading, including 
axial load, in-plane shear force and bending moment. Moreover, it can be precisely 
prefabricated and then assembled accurately and rapidly in situ. Glulam refers to glue-
laminated timber, which is basically composed of small planks and manufactured in the form 
of beams with a huge or particular cross-section. This engineered timber is used for specific 
requirements such as large spans or enormously loaded components.
The profiles of the cross-laminated timber and glulam are shown in Figures 2.5 to 2.8.
Figure 2.5 Cross-laminated timber [76] Figure 2.6 Cross-laminated timber [39]
Figure 2.7 Application of CLT [10] Figure 2.8 Glue laminated timber [12]
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3. Shaped element and hollow box girder
Hollow box and variously shaped wooden assemblies are an efficient and generally 
economical way to utilise wood. Simple planks or boards, e.g. chipboard, OSB and plywood, 
are connected together with glue or screws. Depending on the structurally efficient cross-
section, these products are adaptive for larger spans of space with relatively less material 
consumption. This engineered timber is often used in horizontal elements like floors, girders 
and beams.
The models of various shaped elements and hollow box girders are shown in Figures 2.9 to 
2.12.
Figure 2.9 I-shaped beam [12] Figure 2.10 Hollow box girder [76]
Figure 2.11 Hollow box girder [76] Figure 2.12 Shaped flooring [11]
8
4. Board element
The board element is basically composed of a wooden frame and grid, diagonal and a couple 
of functional layers. The vertical timber component is the load-bearing element for vertical 
load, while the horizontal force is afforded and conveyed by the diagonals. Thermal isolation 
is installed in the hollow space within these plate modules. A vapour barrier and windproof 
layer are applied in the inner and outer sides of the wall, respectively. Then, cladding boards, 
such as plywood, OSB or plasterboard, are applied beyond the vapour barrier and windproof 
layer for both protective and decorative purposes. In German, the board element is known 
as a Rahmenbau or Tafelbau, which reflects the inner layout or the outer appearance. In 
Canada and the USA, it may be termed a two-by-four system.
Although based on a similar mechanism and concept, the profiles of multi-layered panels can 
be divergent and complicated. Nevertheless, the basic type is illustrated in Figures 2.13 and 
2.14.
Figure 2.13 Board element Figure 2.14 Board element [75]
5. Wood-concrete compounds and other composite elements
This engineered timber is a comprehensive utilisation of wood, concrete and combination 
techniques, in order to optimise the constitution and structural characteristics of diverse 
materials. The wooden part is intended for tension, while the concrete is placed on the 
compression side of the assemblies. By means of shear force fasteners or profiled wooden 
panels, e.g. bird-mouth profile, the wood and concrete are firmly combined, providing the 
considerable structural properties of the whole assemblies. Normally, wood-concrete 
compound are used for flooring systems. In addition to their reliable structural capacity, such 
elements have considerable advantages in terms of building physics requirements. 
The profile of wood-concrete compound elements is depicted in Figures 2.15 and 2.16.
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Figure 2.15 Wood-concrete comp. Figure 2.16 Wood-concrete comp. [93]
6. Post-and-beam element
As the name indicates, this system is composed of slender and linear elements, basically in 
horizontal and vertical forms. All loadings, such as axial load, bending moment and torsion, 
are afforded and transmitted by columns and beams. These components can be 
manufactured from sawn timber or laminated wood. Based on technically specific joints, the 
columns and beams are combined together and then function as a whole structural system 
[69]. Although this system may consist of subsidiary brackets to offer resistance, the vertical 
and horizontal loads are primarily taken comprehensively by the columns, beams and their 
connections. Thus, the connections are designed as either rigid or semi-rigid joints to 
provide rotational stiffness against multi-dimensional loading impact. Meanwhile, the 
columns and beams have to be designed and produced with sufficient dimensions for 
particular loading circumstances.
Figure 2.17 Post-and-beam [35] Figure 2.18 Post-and-beam [101]
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These posts and beams can be assembled with a high degree of freedom. This feature 
provides considerable flexibility for spatial and facade design. Currently, some multi-storey 
timber buildings have been realised by means of post-and-beam complexes. Examples of 
post-and-beam assemblies, including their connections, are depicted in Figures 2.17 to 2.20.
Figure 2.19 Brakel Grimm Brothers School Figure 2.20 Post-and-beam [76]
2.1.2 Building Norms
The modification of building norms and the relaxation of height limits for wooden houses 
give engineers the flexibility to construct higher timber buildings. This progress of building 
codes was initiated in the last decade of the 20th century in the United Kingdom and 
Australia [91]. At the same time, standardisation and renewal of fire codes took place in 
several European countries, resulting in the widespread emergence of intermediate-rising 
wooden houses [66]. In 2002, the German model building regulation (in German: 
Musterbauordnung, November 2002) classifies timber structures into five hierarchies [81]. 
Apart from the specific constructions in the fifth class, the wooden houses belonging to the 
fourth category are permitted to comprise a maximum five storeys or a top floor up to 13 
meters above the ground, as depicted in Figure 2.21. The evolution of building norms and 
construction techniques has resulted in the generation of multi-storey timber houses around 
Europe in the 21st century [147].
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Figure 2.21 Classification according to the Musterbauordnung [31]
Besides the regulation for building heights, the adaptability and applicability of wooden 
products to protect against combustion have promoted the universalisation of multi-storey 
timber buildings. In Germany, the model building regulation [81] and the “model guideline 
for technical fire protection requirements for extremely flame-retardant wooden construction 
components” (in German: M-HFHHolzR, 2004) [47] collectively regulate wooden houses 
with regard to fire security criteria. If the wooden elements comply with the requirement of 
M-HFHHolzR, they can be considered to be as flame-resistant as masonry or reinforced 
concrete. As the norms stipulate, the structural elements and all spatially encompassing 
components in multi-storey timber buildings must be capable of resisting fire for a minimum 
of 60 minutes. The intermediate category between fire-retardant (30-minute resistance) and 
fire-resistant (90-minute resistance) harmonises these two discrepant levels and reduces the 
gap between them. Wooden load-bearing structures require non-combustible protective 
cladding and the non-combustible insulation materials must possess a melting point of no 
less than 1000 degrees Celsius [31].
Although the building codes may set rigorous and restrictive criteria for modern wooden 
buildings, multi-storey timber constructions have been realised in a variety of profiles and 
forms, as illustrated in Ch.2.1.1 and Ch.2.1.3. This diversity is mainly embodied in the 
tectonic principles of the constructions and the resulting facades [91]. Various assemblies 
represent different ways and concepts for load-bearing requirements and strategies. Some 
representative building projects around Germany and Switzerland are introduced in Ch.3.1.
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2.1.3 Categories According to Structural System
Timber buildings can be realised in a variety of forms and types. Some studies have 
attempted to present and classify the divergent forms into finite and explicit structural 
systems [69][32][55][36][76]. Although the results presented in each publication may differ 
somewhat, the conclusions are basically convergent, presenting a mutual outcome and 
consensus. A series of figures and diagrams hereinafter depict the structural systems of the 
general wooden buildings.
Herzog and Natterer have classified timber structures as illustrated by a variety of diagrams 
in Figure 2.22 [69]. In this publication, they have taken various constructions into account, 
including houses, halls and huge civil engineering facilities like towers and bridges. The 
authors have established a universal inventory, including a variety of realised building 
projects. By means of diagrams and perspective drawings, the structural systems are 
depicted concretely and definitively. Although such comprehensive consideration may cause 
divergent conclusions for the classification of buildings, their systematic concept and 
presentation help engineers and designers recognise certain structural components or 
systems which are applicable for timber constructions.
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Figure 2.22 Systems generally applied in buildings [69]
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Deplazes has categorised timber buildings into five types, as delineated in Figures 2.23 and 
2.24 [32]. These representative prototypes consist of:
1. Block house
2. Frame building I
3. Frame building II
4. Post-and-beam system
5. Board system
Figure 2.23 Structural systems; from left: block house, frame I and frame II [32]
Figure 2.24 Structural systems; from left: post-and-beam and board system [32]
The block house has been applied for a long time in many traditional human settlements. Its 
outer walls are composed of a series of wooden bars, which can be stacked vertically or 
horizontally. Meanwhile, a similar stack of wooden elements is used also for the floor or 
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roof. In German, the frame I and frame II types are known as Fachwerkbau and Ständerbau, 
respectively. These structural systems are composed of slender wooden elements. In terms 
of structural behaviour, the small and slim components basically bear only the axial load. All 
vertical, horizontal and diagonal elements work collectively for multi-dimensional loadings. 
Compared to frame houses, the post-and-beam system comprises structural elements with 
larger dimensions. The stress within the components and the tectonic principles of the joints 
are more complicated than the frame constructions. According to the perspective drawings, 
the post-and-beam system may have higher flexibility for space and the facade.
In spite of its often monotonous and plain appearance, the board system embodies multiple 
structural concepts and constructional methods. Originally, the board system was based on 
a similar structural mechanism to the frame building and post-and beam system. Within the 
slick plate, the assembly comprises slender elements for transmitting forces. Unlike the 
former constructions, however, the board system refers to an industrial product that can be 
prefabricated in rapid, precise and elaborate ways [32]. Nowadays, such boards can be 
manufactured using massive engineered timber as well. For example, cross-laminated 
timber and stack-of-plank are generally used for precasting the plates. Since the massive 
board is highly resistant in different dimensions, this system is suitable for extremely high 
modern timber constructions.
Fischer has illustrated a variety of tectonic profiles and structural systems which are used in 
wooden houses [55]. A series of diagrams delineate various combinations of walls, floors 
and roofs, which are the most essential elements to form a building. As a collective 
technical report, this work is based on practical building projects realised in Switzerland. The 
tectonic information on each structure, such as the applied material, the connecting 
technique and the dimensions of individual elements, is tabulated for comparison. In this 
report, the length of the component can be up to 20 meters, while the width of one flooring 
element is a maximum 3.8 meters. The large precasting component depends on the 
industrial prefabricating processes and allows for rapid and accurate assembly. As far as 
structural classification is concerned, however, Fischer does not reach an inductive 
conclusion. Nevertheless, these diagrams give a realistic picture of the wooden building 
industry, especially the diversity of engineered timber and its applications.
Figure 2.25 Tectonic profiles of realistic buildings [55]
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Figure 2.26 Tectonic profiles of realistic buildings [55]
Kaltenbach has introduced the state-of-the-art of multi-storey timber houses that have been 
completed in recent years [36]. By means of detailed drawings, Kaltenbach depicts several 
connections of vertical and horizontal components within the investigated building projects. 
These details reveal not only the composite of vertical and horizontal elements but also the 
constructional profiles of their combinations. As shown in Figures 2.28 and 2.29, engineered 
timber is widely utilised, including cross-laminated timber, shaped wood and the stack-of-
plank. These sophisticated compounds derive from the considerable capacity and reliability 
of the engineered timber and therefore result in enormous buildings with extraordinary 
loading magnitudes. In particular, their joints are proved to be adaptable solutions for the 
required resistance and stiffness. Although these structural systems are based 
approximately on the earlier board system, the capability and feasibility of such multi-storey 
timber constructions are outstanding and they can be adapted within the modern urban 
context for an unprecedented range of functions.
Figure 2.27 Forms of wall system and skeleton frame [36]
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Figure 2.28 Detail of the connections of different wooden buildings [36]
Figure 2.29 Detail of the connections of various wooden buildings [36]
In Informationsdienst Holz, December 2000 [76], timber buildings are classified based on 
geographic and chronologic criteria. The authors attempted to construct a comprehensive 
and comparative correlation between the various types and names of structural systems. 
Whereas the commonly used denomination for classification may be ambiguous, the 
diagram in Figure 2.30 clarifies the correlation of various forms of wooden buildings and their 
titles. Although this categorisation method is not completely novel, its results and 
conclusions are helpful for the explicit discrimination and universal perception of structural 
systems, while remaining associated with other classification frameworks. Within this table, 
the spectrum between bar-shaped and massive constructions is illustrated gradually. On the 
other hand, the vertical scale details the evolution of wooden structures in different 
chronological and geographical coordinates.
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Figure 2.30 Network of various structural systems of timber buildings [76]
Inevitably, the categorisation of structural systems, including definition and denomination, 
may be ambiguous and sometimes involves contradictions. For classification, it is not 
necessary to be constrained to a specific or single correlation between certain forms and 
terms. Nevertheless, such systematic discrimination is an essential prerequisite for 
comparative studies in numerous fields of research. For example, classification contributes 
to the comparison of the LCA results of various structural elements or systems and may 
make it possible to determine the optimal strategy for environmental performance among 
various constructions. Table 2.2 shows the terms about classification for structural elements 
and systems that are commonly applied in modern timber buildings.
Table 2.2 Classification about structural elements and systems - timber buildings
Hierarchy Simple product Composite product
Material Sawn timber, Massive wood
Element Stack-of-plank Cross-laminated timber, Glulam, OSB
Board element
System Board system 1)
Post-and-beam system 1)
Wood-based compound 1)
Composite construction 2)
Hybrid construction 2)
1) These systems are mainly made of wood-based structural elements. Their 
structural elements contain various forms that are introduced in Ch.2.1.1.
2) These systems refer to timber structures that apply a significant amount of 
other materials, like steel components or concrete slab.
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2.1.4 Wooden Solution
Currently, wood can be utilised for a large number of purposes and functions. As stated in 
former sections, timber is suitable for buildings and huge civil engineering facilities. Besides, 
wooden products can be used as convincing solutions from many alternative perspectives, 
including:
1. Ecological solutions, for both climate change and energy saving;
2. Comfort solutions, for both acoustic and thermal requirements.
Wooden products generate fewer environmental impacts and are thus considered as 
sustainable material from a life cycle point of view [39][109]. During its whole life span, i.e. 
from cradle to grave, wood can store carbon within itself and therefore have a positive effect 
on the potential for global warming Using timber could alleviate greenhouse gas emissions 
from the building sector and mitigate the impact of climate change [62][65]. These 
characteristics are almost unique and distinct among building materials. 
As far as energy consumption is concerned, wooden products consume less fossil fuel 
energy compared to energy-intensive materials like cement and alloy steel [18][64][143]. For 
human society, in which the total consumption of energy is soaring, energy conservative 
products or services are adaptive choices. Furthermore, after the end of life, wood can be 
recycled in various ways, including simple and direct reuse as well as combustion for energy 
recovery. With the contribution and feedback of the retrieved energy, wood can even be 
energy productive with regard to the entire life cycle [19][84]. Generally, to produce one 
cubic meter of timber may require 500 to 3,000 MJ of energy, while incinerating the same 
volume of wood may produce 5,000 MJ [57][105].
2.1.4.1 Ecological Solution - Climate Change
Climate change, mainly due to greenhouse gas emissions and global warming potential, has 
been proved true scientifically by various researches [59][138]. In terms of the greenhouse 
effect, the scientific evidence dates back to the 19th century or earlier. In 1896, Svante 
Arrhenius made the first prediction of a greenhouse effect due to CO2 emissions from 
human activities [4]. In 1957, Roger Revelle found that the carbon generated by human 
activities cannot be absorbed by the ocean, which is one of the most important carbon sink 
resources in the biosphere [115]. Three years after Revelle’s discovery, Charles David 
Keeling detected the concentration of carbon dioxide in the atmosphere and found that it is 
continually increasing in volume [86]. In 1982, some studies found that the temperature of 
the ice core in Greenland is tremendously volatile [42]. The Greenland ice core may carry 
evidence of climatic and geological evolution over the past 10 thousand years. A conference 
in Copenhagen in March, 2009 revealed that the sea level is rising two times more rapidly 
than the prediction made by the United Nations in 2007. This research finding was then the 
prelude to the Climate Change Conference in Copenhagen in December, 2009 [59].
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Figure 2.31 Carbon released to the air [59] Figure 2.32 Carbon sinks [59]
Since climate change has arisen as an imperative environmental challenge, it is important to 
find ecological solutions for human societies and activities. Products or industrial processes 
which emit less greenhouse gas are appropriate choices to mitigate the global warming 
potential. As far as the construction industry is concerned, wood has been proved to be an 
eco-friendly option compared with the various other building materials [18][22][94].
Forests play a role of moderating the carbon balance in the atmosphere and biosphere. 
Forests are important for storing carbon and thus reversing the accumulation of carbon in 
the air. Generally, producing one ton of carbohydrate, which constitutes parts of the trees, 
needs 1.6 tons of CO2 and then emits 1.2 tons of O2. Meanwhile, on average, forests can 
absorb 5 to 15 tons of carbon from the atmosphere per hectare every year [59]. The 
photosynthesis reaction is as shown in the equation below.
6 CO2 + 6 H2O -> C6H12O6 + 6 O2 (2-1)
Although manufacturing or refining processes require fossil fuel energy and emit CO2, the 
consumption and emission volumes are relatively small. Thus, the whole carbon balance of 
wooden products remains substantially negative, which means that more carbon will be 
stored than released. This property has a positive effect on the global warming potential.
Koch has compared the carbon balances of some structural components, which 
demonstrate equivalent performance [90]. This estimation study comprises wooden 
elements and non-wood products, such as aluminium, steel, brick and concrete. The 
comparison reveals that structural timber generates less net CO2 emission than other 
materials. Petersen and Solberg have appraised the effect of wooden and non-wood 
materials used in construction [109]. A series of studies by Petersen and Solberg show that 
timber construction generates less greenhouse gas than do non-wood materials [110]. On 
the other hand, Eriksson et al. conducted a study on carbon stocks and flows in trees, soil, 
wooden products, substitutable materials and fuels [44]. Their findings demonstrate that, if 
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forests are well managed and intended for producing constructional timber, the total carbon 
emission can be considerably reduced. The whole carbon balance varies widely depending 
on the specific use of the wood. Utilising wood to replace non-wood materials can lessen 
the emission of carbon to the atmosphere.
Figure 2.33 Net CO2 emission by a variety of materials [143]
Some studies have quantitatively evaluated the CO2 equivalent and embodied energy of 
various materials which are commonly applied in construction [3][143]. These data reveal 
that timber depletes less energy for manufacturing and generates the smallest quantity of 
greenhouse gases during the extraction and production phases. The negative outcome for 
wooden products means that the carbon is stored and the impact due to greenhouse gases 
can be reduced.
2.1.4.2 Ecological Solution - Energy
Energy extraction and the ways to use it have been vital subjects for human beings since 
the Paleolithic Age [30]. The means to generate and utilise energy have been progressing 
along with the development of human society and culture. Mankind has been constantly 
looking for feasible energy resources and technologies for a higher density of energy as well 
as greater power generation. Since the beginning of the Industrial Revolution, the evolution 
of techniques, markets and business behaviours has caused an explosive expansion of 
energy consumption [59].
22
Figure 2.34 Energy resources and their demands [59]
Due to the development of energy demand described above, it is important for human 
societies to search for sustainable solutions for energy utilisation [59]. Various strategies and 
possibilities have been raised in order to alleviate the energy problems. For example, 
renewable energy resources and self-sufficient energy supply systems are universally 
discussed topics among experts and engineers. On the other hand, energy-conservative 
products or services are becoming favoured options. Numerous studies have estimated and 
compared the embodied primary energy in diverse materials or assemblies and then 
attempted to develop suitable products. Based on the findings of such evaluations, 
consumers are able to select energy-efficient services and moderate the soaring 
consumption of fossil fuel energy.
Embodied energy refers to the amount of energy needed to produce a given product or 
assembly. On the whole, it consists of the energy used to extract raw materials, then to 
manufacture, to store and to transport them [38]. With regard to the building industry, the 
embodied energy includes the preliminary installation of building products in the initial 
construction phase [26]. In terms of the life cycle assessment framework, it is the 
cumulative energy “from cradle to gate”. Normally, the energy for maintaining and 
retrofitting is not accounted for in the embodied energy. Primary energy refers to the sum of 
energy within the fossil fuel resources to produce the end-use energy services [64]. 
Basically, it comprises the fossil fuel for industrial processes, the primary energy for 
associated electricity and the diesel fuel for transportation vehicles and machinery [63]. All 
fuel investment as well as the losses in the energy chain have to be taken into account. Due 
to the inevitable energy dissipation during distribution and conversion, the extra and indirect 
fuels must be added to the energy balance.
Although renewable energy technologies are being extensively developed on a large scale, 
fossil fuel energy remains irreplaceable for industrial processes. These industrial processes, 
e.g. those for manufacturing construction elements, require energy technologies of 
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tremendous intensity and consistency. Currently, most renewable energy techniques are 
still incompatible with such criteria. This is related to the quality of the energy. Thus, 
traditional fossil fuel energy is irreplaceable for energy-intensive manufacturing processes. 
Analysis and debate on the primary embodied energy of building materials may help to 
enhance energy saving in the building sector.
Figures 2.35 and 2.36 illustrate the embodied implications of various materials, including 
timber, brick and reinforced concrete (RC)1. The appraisal compares the environmental 
impacts in the form of simple structural components such as flooring systems and load-
bearing walls. As depicted in these figures, wooden elements result in discrepant 
magnitudes of embodied energy. As highly engineered product, the glulam consumes 
significantly more energy compared to simply fabricated one. The sawn timber and stack-of-
plank exhibit excellent energy-conservative performance based on unsophisticated 
connecting strategies. On the whole, wooden components deplete less non-renewable 
energy than other materials do. Particularly, the energy demand of sawn timber and stack-of-
plank is significantly lower than brick and RC’s outcomes.
Figure 2.35 Embodied impact generated by various flooring systems
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1 Figures 2.35 and 2.36 are offered by Bois Consult Natterer SA in Switzerland. These documents are 
research consequences raised by the institute in EPFL (École polytechnique fédérale de Lausanne, 
Switzerland).
Figure 2.36 Embodied impact generated by various walls
Some studies have demonstrated the energy efficiency of wooden products. Buchanan and 
Honey have assessed the CO2 and energy consumption due to industrial processes 
associated with the production of building materials [21]. In this study, the ecological 
performance of various building models, including wood, steel and reinforced concrete 
frames, is quantitatively evaluated. Their findings demonstrate that timber buildings cause 
less fossil fuel energy depletion and CO2 emission from manufacturing processes. 
Börjesson and Gustavsson have appraised and compared some environmental impact 
factors caused by various building materials [18]. As far as the primary energy needed for 
producing components is concerned, a concrete construction consumes approximately 
60-80% more energy than a timber structures does.
In addition to the lower embodied energy, wood can even be energy-productive with regard 
to the entire life span, including the reuse scenario after the end of life. Wood, in the form of 
sawdust, wood chips and abandoned timber from construction and demolition waste 
(C&DW), can be used for producing energy as biomass. Some research has evaluated and 
verified the efficiency of the biomass from wood. Boyd et al. conducted a quantitative study 
and concluded that the timber engineering industry can be self-sufficient in energy terms by 
utilising biomass residues to generate power [19]. This study also proved that wood-based 
products are more energy-conservative than alternative materials with equivalent properties 
or performance. Jungmeier et al. assessed the energy demand for the associated forest 
processes and products [84]. The results show that the energy consumed for production is 
less than the energy content of the biomass.
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2.1.4.3 Confortable Solution - Acoustic and Thermal 
With wooden stack-of-plank and laminated timber ceilings, a construction acquires 
considerable acoustic insulation efficiency [75]. Some engineered timber components are 
composed of small wooden planks and comprise several layers. When any sound or 
vibration penetrates through the element, this type of laminated profile provides multiple 
resistance. Whereas a single-layered component can insulate only depending on its mass 
and stiffness, a multi-layered timber assembly with a decoupled shell and cavity insulation 
can reduce the acoustic impact with a much lower mass. Both small and large cavities in 
wooden panels provide a sort of damping in the insulation composite. Meanwhile, wood is 
more bendable than concrete and steel. Such a pliable material is essential for reducing 
vibration. 
The interior climate is significant for human health [66]. Some studies have demonstrated 
that humans may feel more comfortable within a certain range of temperatures and 
humidity. An extreme indoor climate may cause discomfort and sometimes illness.
The construction components, e.g. the building envelope or wall, can function as heat and 
moisture storage, which are important mechanisms moderating the indoor climate. Heat 
storage is the ability of a material to absorb and release heat from the indoor air, moderating 
temperature volatility. Moisture storage refers to the ability of a hygroscopic material to 
absorb and release moisture from the indoor air, mitigating the variation of humidity [66]. 
Suitable utilisation of the heat and moisture storage of the building envelope contributes to 
managing the interior climate and so reduces the energy consumed for operating heating or 
cooling devices.
As a hygroscopic material, wood consists of heat and moisture storing characteristics. When 
appropriately used, wooden elements can help to buffer the change of indoor temperature 
and humidity and enhance the comfort of the indoor climate. Based on these effects, the 
amount of energy required for heating or cooling systems can be considerably reduced.
Massive timber constructions have advantages in terms of their annual energy consumption 
[66]. Wood has very low thermal conductivity. This means that timber is an ideal insulating 
material compared to concrete or brick. The large exposed surface of wooden elements 
provides effective heat capacity to alleviate peaks in temperature. With high thermal inertia, 
a building envelope made of massive wood is resistant to the exchange of heat between the 
two sides of the wall.
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2.2 LIFE CYCLE ASSESSMENT - LCA
Life cycle assessment (LCA) is a method of estimating the environmental effect of certain 
products from a whole life cycle point of view. This method was developed at least 4 
decades ago. A great deal of painstaking effort has been dedicated to this subject in order to 
produce the foundations of a general structure, practice code and standardisation.
2.2.1 Brief History of LCA
The concept and history of LCA can be dated back to the 1960s [60], originating from 
themes such as the depletion of energy resources, consumption of raw materials and 
utilisation of containers and packaging. Goldsmith et al. revealed and discussed the 
consequences of the rapid growth of the population and the limited availability of natural 
resources [61]. The results of this comprise the impoverishment of fossil fuel energy, 
mineral resources and inevitably climate change due to emissions from the energy 
transformation. Related studies in this era were oriented towards energy issues and their 
methods were based on balance sheets and material flow inventories. Those 
methodological bases cannot be partitioned off the quantification of material depletion as 
well as of solid waste generation.
On the other hand, another early LCA was carried out by the Midwest Research Institute 
(MRI) and named as the Resource and Environmental Profile Analysis (REPA) [71]. The idea 
of this applied method is attributed to Harry Teasley, who was the first sponsor of a REPA 
study at the end of 1960s [73]. Franklin Associates, a company that grew out of the REPA 
working group in MRI, inherited the name, REPA, for the evaluation method and has 
continued to conduct related research. These two organizations were involved in a study on 
a variety of soft drinks containers. Commissioned by Coca-Cola Company, this study sought 
to quantify the raw materials and fuels consumed and the environmental implications of the 
industrial processes used to produce the containers. Thus, it is often considered as the first 
example of an inventory analysis of resources and waste. Meanwhile, a REPA study 
conducted by the United States Environmental Protection Agency (EPA) can be cited as a 
representative prototype of modern LCA [72].
Whereas the environmental appraisal was named as REPA in the United States, the 
European Community adopted the title of “Eco-balance” for its own analogous researches 
[140][146]. After the presentation and introduction of REPA, some product-associated 
environmental assessments, employing a similar cradle-to-grave concept, were developed in 
Europe [13][54]. These studies were focused not only on the consumption of raw materials 
and energy resources but also on the generation of waste, which were typical subjects of 
debate at that time. As significant as the energy issues, packaging was also the main object 
of the early LCAs and it remains significant today, due to the soaring problem of waste 
disposal [106].
The early LCAs mentioned in the preceding paragraphs have demonstrated that the only 
effective approach to adequate estimation of environmental implications is to investigate the 
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flow of materials in a quantitative way. The analysis must be conducted on the basis of 
following through from cradle to grave [60].
Prior to the last decade of the 20th century, interest in research on forms of LCA somewhat 
declined. But the slump did not last too long. Nevertheless, this phenomenon made the LCA 
community and associated working groups focus on the limitations of the methods of early 
LCAs [82]. Firstly, they were intended for specific projects or cases. Then, they provided no 
possibility of assessing the reliability and stability of the findings. Finally, they needed to give 
more rigorous and robust consideration to the fundamental life cycle. Therefore, it is 
necessary to develop a more adaptive LCA method for a more convincing environmental 
analysis.
The first official presentation of the technical term “Life Cycle Assessment” was in the 
workshop organised by the Society of Environmental Toxicology and Chemistry (SETAC) in 
Vermont in August 1990 [50]. The report of this conference raised the title of Life Cycle 
Assessment and its general structure, responding to the contemporary demand for a 
common framework for environmental appraisal methods. LCA was defined as “an objective 
process to evaluate the environmental burdens associated with a product or activity by 
identifying and quantifying energy and materials used and waste released to the 
environment”. Furthermore, the purpose of LCA is “to evaluate and implement 
opportunities to affect environmental improvement”. The life cycle approaches have 
expressly emphasized that “the assessment includes the entire life cycle of a product, 
process and activity, encompassing extracting and processing raw materials; manufacturing, 
transportation and distribution; use, reuse, maintenance; recycling and final disposal”.
One month after the workshop in Vermont, a European workshop in Leuven raised a similar 
concept and target [121]. The goal is to coordinate the efforts of working groups and the 
associated community on life cycle based estimating methods.
Klöpffer [89] has stated that the two workshops referred to in the previous paragraphs were 
necessary on both sides of the Atlantic Ocean. Methods based on life cycle thinking were 
not in fact novel in the 1990s. There was just a lack of integration, harmonization and 
comprehensive formation. Life cycle inventory analysis (LCI) was well developed in the early 
days of LCA, such as with REPA. For example, flows of solid waste were a typical issue in 
LCI studies. As a method for more complete estimation of environmental implications, 
however, life cycle impact assessments (LCIA) were still new and immature.
LCIA steered environmental science into a more engineering field [89]. In Leiden, 1991, 
Helias Udo de Haes et al. presented an LCIA method which has dominated the discourse 
and application ever since [134]. This so-called CML (Dutch: Centrum voor 
Milieuwetenschappen Leiden, i.e. Center for Environmental Sciences) method from Udo de 
Haes and his CML colleagues proposed the consideration of impact categories. It was an 
extension of a method conceived and developed in Switzerland by researchers in EMPA 
(German: Eidgenössische Materialprüfungs- und Forschungsanstalt) and ETH (German: 
Eidgenössische Technische Hochschule) [23][67]. Compared to former frameworks, 
however, the CML method is more sophisticated and scientific and composed of 
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characterising factors on about ten sorts of impact categories. Then, in 1992, the “Dutch 
Guide” [68] was issued in the Netherlands.
During the first half of the 1990s, a series of workshops and conferences took place around 
North America and Europe. They were focused on LCIA as well as the general structure of 
LCA. This culminated in the workshop in Sesimbra, Portugal, in 1993 [28]. Organized by 
SETAC and SETAC-Europe, this workshop consisted of about 50 LCA experts. The outcome 
of this event was a 69-page report called “A Code of Practice.” This guideline affirmed the 
fundamental conclusions of the earlier workshops’ documents, especially the general 
structure, with some alternative terms and an explicit statement about the significance of 
the “Goal Definition and Scoping” section.
Furthermore, the report of the Sesimbra Workshop proposed LCA components named as 
“Classification and Characterisation” and “Valuation”, which were defined as the second 
and third procedures in the appraisal framework, respectively. Although specific 
classification factors were not introduced in this code [28], the ideas of Udo de Haes and his 
CML colleagues [134] were integrated. The concept presented in this document has not 
changed in the framework of ISO 14042 [79] and has become the basis of subsequent work 
towards standardisation.
In 1993, LCA was a well-constructed method and possessed a clear structure and code for 
implementation [89]. Its validity and utility were proved as well [60]. The next step was 
progress towards standardisation for wider and deeper application. In this development 
trend, the International Organisation for Standardisation (ISO) has hosted the leadership of 
the evolution of LCA since the second half of the 1990s.
Based on a series of ISO publications since 1997, LCA has been elevated to an international 
standard [77][78][79][80]. Here, LCA is defined in greater and more precise detail and has 
come to be considered as a technique to assess the environmental impacts associated with 
a product. The procedures include [77]:
1. Compiling an inventory of relevant inputs and outputs of a product;
2. Evaluating the potential environmental consequences related to those inputs and outputs;
3. Interpreting the outcome of the inventory analysis and impact assessment associated 
with targeted objectives.
According to the ISO 14040 group, the entire framework of LCA is composed of four 
components. The content and tasks within these components will be further detailed in Ch. 
2.2.2.
The next milestone in LCA’s development was the participation of the United Nations 
Environment Programme (UNEP), as well as its cooperation with SETAC in 2002 [128]. The 
UNEP/SETAC Life Cycle Initiative was the consequence of the peak of this progress. In the 
Initiative, significant members from SETAC were Jim Fava [48], Helias Udo de Haes and 
Olivier Jolliet [135]. The Initiative has organised numerous workshops, symposia and 
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conferences and issued various publications. Among the inspiring activities of the Initiative, 
three programs were particularly influential: 
1. LCIA, managed by Olivier Jolliet;
2. LCI, managed by Greg Norris;
3. Life cycle management (LCM), managed by Konrad Saur.
The participation of the United Nations’ organisation reflects the universal concern about 
LCA and environmental subjects. Since this event and activity, the development of LCA has 
been expanding considerably. Furthermore, the orientation of LCA research has diverged 
again, although the global standardisation referred to a convergence of the former various 
strands of ecological evaluation. It is hard to summarise the differing circumstances of LCA 
studies and implementations around the developed and developing countries. Nevertheless, 
current LCA research related to building materials and constructions is detailed in Ch.2.4.
2.2.2 Application of LCA
2.2.2.1 General Structure of LCA
As the ISO 14040 series demonstrates [77][78][79][80], LCA is composed of four 
components.
1. Definition of goal and scope: This section defines the system’s boundary, depending on 
the targeted objectives as well as the preliminary prerequisite and purpose. It is necessary 
to determine the type of analysis, intended either for systematic improvement or for 
comparative alternatives; inspection for the boundary condition of the production system; 
functional unit, assumption and factors related to the inventory and allocation; consideration 
of various impact categories and relevant influences.
2. LCI - inventory analysis: LCI includes the compilation and quantification of the inputs and 
outputs during the whole life cycle. The data can be acquired from various sources such as 
direct measurement as well as information from databases and the literature.
3. LCIA - impact assessment: LCIA contains the phases of the life cycle, where the 
inventory data are transformed into potential environmental impacts, evaluating their volume 
and significance. The general procedures involve classifying the inventory flow 
(classification) and characterising them quantitatively in association with each individual 
impact category (characterisation). Impact categories consist of ozone depletion, 
acidification, eutrophication, climate change, depletion of resources, etc. Detailed 
information on the operation of LCIA is provided in Ch.2.2.2.2.
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Figure 2.37 Framework of SETAC Figure 2.38 Framework of ISO [77]
4. Interpretation (of ISO) and Improvement Analysis (of SETAC): Here, the outcomes 
deriving from LCIA are interpreted comprehensively with the objectives, taking into account 
the primary purpose and scope. This component is intended for decision making, 
improvement or introspection. Discrepancies between the LCA frameworks of SETAC and 
ISO are illustrated in Figures 2.37 and 2.38, respectively.
2.2.2.2 Life Cycle Impact Assessment - LCIA
With regard to the LCIA, the contents and procedures comprise four modules, which are 
formulated and described below.
1. Classification
The inputs and outputs identified in the LCI are combined and assigned to certain impact 
categories. For example, CO2 emission is connected to the impact category of climate 
change. NOx and SOx are related in aggregate to the acidification indicator. The correlation is 
delineated in the left half of Figure 2.39.
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Figure 2.39 Classification [108]
2. Characterisation [108][114]
The impact implication of each consumption and emission, e.g. input and output, is 
calculated by means of multiplying the amount of consumption and emission by the 
respective impact category factors. These factors relate to the specific impact category.
(2-2)
(2-3)
where s denotes certain chemical substances, i means the location of emission, j is the 
exposure of the receptor and t refers to the time span during which the potential 
consequence of the burden is taken into account [108].
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3. Normalisation [108][145]
The calculated outcome of each impact category is divided by certain basic criteria, such as 
the environmental burdens generated in 1995. Then the index of the impact is presented in 
the form of a scalar quantity. This step is a contribution to the direct determination of the 
magnitude of the various impact categories, quantitative comparison of the different 
environmental issues, and subsequent simplification of the superposition for weighting and 
single score.
(2-4)
4. Weighting and score
With diverse or probably equivalent weighting calculation, the outcome of every impact 
category is summed into a single index. Generally, weighting is carried out using a linear 
process.
(2-5)
where EI is the overall environmental performance, Vk refers to the weighting factor for 
impact category k, and N denotes the normalised indicator.
2.2.3 Significant Organisation of LCA
2.2.3.1 SETAC and ISO
SETAC can be considered as having established the LCA method [88]. Since the beginning 
of the 1990s, SETAC has organised a series of workshops associated with LCA and 
environmental issues. These activities, as well as the subsequent publications, have been 
important in constructing the concept, framework and practice guidelines of LCA [28][50]. 
Compared to alternative environmental evaluating tools, the LCA method developed by 
SETAC is more sufficient and comprehensive [89]. Although the leading role was inherited 
by ISO prior to 2000, subsequent developments were based on the achievement of SETAC. 
Furthermore, SETAC organisations on both sides of the Atlantic have remained dedicated to 
the deeper exploration of the scientific and engineering problems of LCA. While carrying out 
LCA for advanced estimation, the operators have found various contradictions and obstacles. 
In numerous publications, SETAC has dealt with a variety of problems and underpinned the 
progress of LCA [14][92][113].
2.2.3.2 UNEP
The participation of the United Nations Environmental Programme (UNEP) marks another 
culmination of the development of LCA. Prior to this significant event, however, certain 
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activities were influential for subsequent developments and prepared a solid foundation for 
LCA as well as the environmental issues:
1. The cooperation between UNEP and SETAC [128];
2. The Summit in Rio de Janeiro in 1992 [136];
3. The Summit in Johannesburg in 2002 [137].
Prior to 2000, SETAC became an authentic global organisation. This transformation made 
SETAC an appropriate partner for UNEP and provided a sound basis for cooperation between 
the two organisations [126]. In April 2002, official collaboration was initiated in Prague. 
Moreover, the summit in Rio de Janeiro in 1992 declared that sustainable development will 
be the most important target for human society in the 21st century [136]. One decade later, 
the summit in Johannesburg reasserted the claim made at Rio de Janeiro [137].
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2.3 FOUR ‘R’S
2.3.1 About the ‘R’s
With regard to construction and demolition waste (C&DW), the four ‘R’s constitute the 
framework and concept for dealing with the material flow after the end of life, and stand for 
reduce, reuse, recycle and recover. Whereas landfill is the ultimate means to address 
C&DW, the four ‘R’s contribute to enhancing the efficiency of the entire system for 
disposed materials.
Each R refers to an individual hierarchy to settle the C&DW [123]. As the fundamental 
strategy, to reduce is to diminish the amount of waste generated, in terms of both volume 
and mass. Reuse refers to a secondary or further utilisation of the discarded products. 
Rather than simple and direct reuse, recycling means more elaborate ways to address the 
waste. The recycled product may have to undergo mechanical processes to regain a 
function. Technically and strategically, recycling is less favourable than reuse. To recover is 
to convert the waste into an alternative form or function, such as heat or electricity. 
Normally, the recovery is carried out by means of thermal or biological processes. When the 
first three strategies are not possible, recovery is the last option for dealing with C&DW prior 
to the ultimate incineration and landfill. The hierarchy of the four ‘R’s is illustrated in Figure 
2.40.
Landfill
Landfill Incineration Other high  complicated
Recover
Recycle
Reuse
low fundamental
Reduce
Figure 2.40 Hierarchy of the four ‘R’s for disposed waste [123]
Many LCA studies of construction set out to evaluate the environmental efficiency of 
reusing or recycling the C&DW [116][126]. The environmental implication generated after 
the end of life of a building is only 1% or less of the entire amount [92][118]. Processes 
associated with treatments for C&DW are of relatively small importance. With regard to the 
feedback from recycling and recovery, however, the effect can be significant. Compared to 
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the initial embodied implications, the contribution attributed to recycling and recovery is 29 - 
40% [15]. As the whole, reusing building materials conduces to reduce 30% total energy 
depletion and 18% CO2 emission in a life cycle point of view [16]. This reflects a significant 
reduction of the ecological burdens arising from the manufacturing and erecting processes. 
Therefore, numerous LCA researches are focused on quantifying the consequences of 
various recycling scenarios for C&DW.
2.3.2 Diverse Materials
Tam and Tam have introduced viable technologies for dealing with various sorts of 
construction wastes, including wooden, mineral and metallic products [123].
Johnson et al. have thoroughly investigated and estimated the life cycle of stainless steel, 
mainly focused on energy consumption [83]. They have established three scenarios to 
simulate and compare different strategies about treating metallic waste. The relevant 
processes for recycling are involved in this study. By assessing the life cycle implications, 
they quantitatively determine the efficiency of reusing metallic products, demonstrating that 
sufficiently recycling steel saves about 66% energy compared to raw steel.
In addition to the studies cited in section 2.1.4.2, some current research has quantitatively 
analysed the effect of recycling timber products, particularly the feedback from biomass 
residues [63][105]. Nässén et al. have applied a direct framework to calculate the efficiency 
of wooden biomass. They assumed that one kilogram wood can produce 20 MJ energy 
[105].
Although concrete can be recycled, Blengini has stated that its disposal scenario consists of 
certain ambiguity [15]. First, only the aggregates are able to be retrieved, while other 
ingredients are not reusable. Second, aggregates‘ reuse requires industrial energy. Finally, 
concrete’s recycling is based on an open-loop as delineated in Figure 2.42 [140].
Figure 2.41 Closed-loop recycling [140] Figure 2.42 Open-loop recycling [140]
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2.4 CURRENT STUDY AND CONCLUSION
Numerous studies on the environmental performance of buildings have been carried out 
based on the concept of LCA. For implementation, however, sustainability appraisal for 
architectures and civil engineering facilities presents difficulties, including definitely 
determining the system boundary for estimation, inspecting the material flows and acquiring 
adequate environmental impact databases for constructional assemblies [7]. Although this 
complexity causes problems with the assessment of buildings’ environmental impact, a 
large number of studies and endeavours have been dedicated to resolving these obstacles 
and exploring reliable and convincing answers [107][112][116]. Since the 1990s, LCA has 
become an important tool for evaluating the ecological efficiency of the building sector [49]
[138].
Some studies based on the LCA method aim to estimate energy consumption and 
associated environmental emissions during the production phase. These environmental 
impacts can be referred to as the initial embodied implications. Buchanan and Honey have 
analysed the embodied energy as well as the CO2 emissions caused by various structures 
made of wood, steel and concrete [21]. Within the early life cycle stages, wooden 
constructions, both residential and office buildings, require less energy than concrete and 
steel do. Cole has evaluated the energy consumption and greenhouse gas emissions of 
various structural assemblies during their construction phase [27]. The appraisal takes into 
account three aspects of energy utilisation: the on-site equipment use, equipment and 
material transportation, and worker transportation. Cole has stated that, on average, 
concrete structures consume more energy for erection than steel and wood do. In terms of 
energy depletion per unit of floor area, concrete assemblies need almost 80 MJ/m2, wooden 
structures demand approximately 12 MJ/m2 and steel constructions about 7 MJ/m2.
In addition to the initial embodied implications caused in the manufacturing phase, a large 
number of LCA studies set out to appraise other life cycle stages, which are significant for 
total ecological performance. The life cycle cost of each phase of a residential building is 
illustrated proportionally in Figure 2.43 [34]. This study compares the life cycle cost of 
conventional and energy-optimised constructions. As depicted in the figure, the cost of the 
utilisation phase accounts for the majority of the total. The operational cost, including 
electricity, heating and other services, accounts for 80% of total volume, while the initial 
processes are 15%. The processes associated with demolition and disposal account for only 
3% of the whole amount. Although the presented data is not directly in the form of 
emissions or consumption, the results are closely related to the energy demand.
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Figure 2.43 Distribution of energy demand in each life cycle stage [34]
The conclusions of many studies are consistent with the charts above, recognising the 
dominant significance of the operation phase. Kotaji stated that the energy depletion due to 
all manufacturing processes accounts for 10 - 20% of the entire lifetime energy, while the 
energy for demolition and waste treatment is less than 1% [92]. Therefore, the utilisation 
phase accounts for 80% or more of the total energy consumption. Winther and Hestnes 
analysed the energy demand of five building projects in Norway [148]. They concluded that 
the energy for operation accounts for 72 - 94% of the total energy consumed. Other life 
cycle phases, including material production, building erection and maintenance, take 6 - 28% 
of the whole life cycle energy. Such variations between different houses depend on the 
profile of the building envelopes and the magnitude of the technical installations. When the 
envelope and technical installation become more sophisticated, the energy for producing 
materials and erecting houses rises. On the other hand, a well-insulating envelope and 
elaborate technical installation result in a considerable decrease of operation energy. Overall, 
the contribution to the utilisation phase is more significant than the early stages.
In addition to the studies related to the European area, some LCA researches focus on 
developing countries [149][150]. Wu et al. estimated the life cycle energy consumption and 
CO2 emission of an office building in China [149]. In terms of energy use, the operation 
stage accounts for 86% of the whole amount, while the figures for production and 
demolition are 12% and 2%, respectively. As far as CO2 emissions are concerned, the 
utilisation phase generates 81% of the entire volume. Due to landfilling treatment, the CO2 
generated after the end of life accounts for 14%, which is higher than the material producing 
stage.
According to a current review paper by Rossi et al. [116], the environmental burden caused 
during the operation phase is significantly higher than the embodied implication. In terms of 
carbon emissions, the utilisation stage generates 89% of the total quantity, while the 
embodied result is only 11%. With regard to the energy, the utilisation phase accounts for 
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94% of lifetime energy demand, while embodied energy is 6%. Although setting a different 
life span for the investigated buildings, Scheuer et al. drew a similar conclusion to previous 
studies [120]. Based on the LCA method, they estimated the primary energy of each life 
cycle stage. They demonstrated that the operational energy, e.g. energy for electricity, 
heating and water services, accounts for 98% of the entire volume, seemingly much more 
dominant than the results of other studies. With regard to the life span, however, this paper 
was based on a 75-year lifetime for the building in a new university campus, instead of the 
commonly assumed 50-year lifetime. If the lifetime is adjusted to 50 years, the initial 
embodied energy is approximately 32% of the whole energy depletion, while the 
consequence of the demolition process rises to almost 3%. Nevertheless, the operational 
energy remains the majority of the total requirement.
Among a variety of utilisation purposes of operational energy, Junnila evaluated and 
compared the significance of each form of energy in commercial buildings [85]. This study 
distinguishes different sorts of operational energy, like electricity and heating. By means of 
simulation, Junnila concluded that the electricity causes the largest proportion of 
environmental impact categories.
Adalberth et al. estimated the LCA consequences of four dwellings located in Sweden [2]. 
This study took three parameters into account, namely electricity mix, material choice and 
energy usage. They found that the electricity mix generates the largest amount of 
environmental implications. Meanwhile, they analysed the ecological performance of all life 
cycle stages as well as the contribution deriving from various materials options. The energy 
consumption for the operation phase is 85% of the total amount, while the manufacturing 
phase accounts for 15%. In terms of other environmental implications, the utilisation stage 
results in 70 - 90% of each impact category. Peuportier assessed the environmental burdens 
caused by residential buildings in France during the whole life cycle [111]. This research 
developed three alternative building models for comparative appraisal, which are located in 
the same place but realised using different materials. Adalberth et al. and Peuportier drew 
similar conclusions that concrete structures generate the greatest magnitude of GWP and 
acidification consequences compared to other constructions [2][111]. Furthermore, choosing 
appropriate building materials reduces not only the energy depletion due to the production 
processes but also the long-term energy demand during the utilisation phase. The decision-
making in the early stage of a building can influence the entire consumption and associated 
emissions in many ways [1][2][111].
Some studies have demonstrated the importance of environmental assessment for the 
manufacturing and erecting phases of buildings. Treloar et al. analysed the life cycle energy 
of a residential building together with its occupants in Australia [130]. With more detailed 
consideration of the consumables and subsequent building materials, the total embodied 
energy for a house becomes significant. The total embodied energy in this paper includes 
the consumables and recurring demand and is therefore greater than the normal initial 
embodied energy. Although differing from the general definition, the total embodied energy 
in this study refers to the energy associated with the envelopes, structures and relevant 
hardware. Thus, it confirms the influence of the choice of building materials and the 
contribution due to consumables. Wallhagen et al. proved the significance of the 
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manufacturing phase [142]. Although recognising the effect of the utilisation stage, they 
indicated the critical importance of processes related to the production of building materials. 
With the increasing use of energy-efficient assemblies or clean energy techniques, the 
environmental implications due to production account for a greater proportion compared to 
the conventional scenario of the building sector. Besides, Wallhagen et al. also evaluated 
and compared the energy-conserving efficiency of various strategies, e.g. changing 
materials, enhancing insulation and using low-energy devices [142]. Among the 12 means, 
changing the material of the slab from concrete to wood is the most efficient modification. It 
reduces not only the emissions due to manufacturing by about 28% but also the operational 
emissions by more than 70%. This finding demonstrates both the environmental efficiency 
of timber elements and the alleviating effect of choosing eco-friendly materials.
Gerilla et al. estimated and diagramed the gaseous emissions and small particle material 
(SPM) resulting from housing in Japan [58]. They quantified the emitted volume of the four 
life cycle sections of a building, i.e. construction, maintenance, operation and disposal. As 
shown in other research, the operation phase accounts for the majority of the CO2 
emissions. As far as NOx, SOx and SPM are concerned, however, the construction phase, 
rather than operation, accounts for the greatest part of the emissions, indicating the 
significance of production.
Figure 2.44 CO2 of housing [58] Figure 2.45 NOx of housing [58] 
Figure 2.46 SOx of housing [58] Figure 2.47 SPM of housing [58] 
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Moreover, Gerilla et al. also proved the environmental efficiency of wooden constructions 
[58]. For all impact categories and in most life cycle stages, timber houses result in a lower 
burden than concrete ones do.
Sartori and Hestnes comprehensively and quantitatively reviewed a large number of LCA 
studies related to construction [118]. They presented the individual consequences in the 
form of both primary energy and end-use energy, as displayed in Figures 2.48 and 2.49. 
Almost every study finds that the energy required for the utilisation phase accounts for the 
largest part of the total consumption. In terms of primary and end-use energy alike, the 
conclusions reached remain consistent. Some building projects based on low-energy 
concepts inevitably possess a greater embodied implication, since such structural 
assemblies may use more materials or require a higher magnitude of technical installation. 
The embodied energy of low-energy cases accounts for 9 to 46%, while the share for 
conventional construction is between 2 and 38%. This phenomenon reveals two significant 
points. First, the embodied implication may become more important when the impacts due 
to operation can be decreased. Second, a variety of strategies or design modes available for 
early life cycle stages are worthy of quantitative ecological estimation, not only for 
manufacturing processes but also for subsequent outcomes during the lifetime. 
Furthermore, the embodied implications of various structures differ considerably depending 
on location, the predominant energy carriers and industrial systems. Appropriate solutions 
which are feasible in specific contexts may attract more attention and interest from relevant 
users.
Figure 2.48 Primary energy consumption of buildings [118]
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Figure 2.49 End-use energy consumption of buildings [118]
Meanwhile, some LCA studies have proved the subsequent influences deriving from the 
early life cycle phases. Bribián et al. attempted to assess the environmental performance of 
a Spanish single-family house based on LCA methodology [20]. By means of a series of 
graphs, this study shows the varying tendency of energy consumption and CO2 emissions 
accompanying alternative modifications to the mode of insulation. For both environmental 
indicators, the constructions comprise the optimal profile of insulation. These diagrams 
demonstrate that the design of the construction envelope leads to differing total energy 
depletion and CO2 emissions. 
In addition to the outer wall, the form of the whole building influences the primary energy 
demand in the lifetime [40]. The charts in Figures 2.50 and 2.51 indicate that various design 
strategies for the form of a building have different outcomes for the energy consumption for 
utilisation, inclusive of heating, cooling and lighting energy. For example, the deeper the 
balcony is, the greater the operational energy will be required. Of the three energy use 
functions, heating energy increases significantly with widening of the balcony and its margin 
is larger than the reduction of cooling and lighting energy. On the other hand, the energy 
consumption associated with glazing design is quantitatively represented as well [40]. A 
greater magnitude of glazing contributes to reducing the energy consumed for lighting. For 
heating and cooling, however, a larger opening results in a considerable rise of energy 
demand. On the whole, very large scale glazing has a negative consequence for the overall 
energy use. Whereas the simulation shown here is intended for the climate in Switzerland, 
these conclusions may be opposite for buildings located in tropical or subtropical areas.
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Figure 2.50 Energy depending on building’s volume and the balcony [40]
Figure 2.51 Energy depending on the glazing [40]
The building envelope is not only a layer for containment but also a strategy that provides 
comfort and influences the energy utilisation. Hameury and Lundström comprehensively 
demonstrated various functionalities of building envelopes composed of wood [66]. They 
concluded that timber constructions can mitigate the volatility of the indoor temperature and 
humidity, especially by means of massive wood. Based on high thermal inertia, a massive 
wooden envelope has a considerable capacity to buffer the peak of the interior climate and 
then to reduce the energy required for heating, which is a critical part of lifetime energy use. 
An in-situ measurement of a multi-storey building located in Stockholm, whose annual 
heating energy is 59 kWh/m2*a, verifies this effect. Mithraratne and Vale analysed the life 
cycle energy of different constructions [104]. The investigated structures comprise light 
construction, concrete construction and super-insulated construction. Super insulation refers 
to the more extensive application of wooden elements and insulating materials. Although 
leading to greater embodied energy, the super-insulated construction requires significantly 
less energy for operation. This study concludes that a timber frame with efficient insulation 
is an energy-conserving strategy in terms of lifetime depletion.
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Owing to the significance of the embodied implications associated with the constructions, 
some studies have been dedicated to analysing the ecological performance of structures or 
building envelopes. Gustavsson and Sathre appraised the energy and CO2 balance of 
structures made of wood and concrete [63]. They took a number of variations into account 
and evaluated the consequences of these alternative schemes. They drew three noticeable 
conclusions. First, eco-friendly solutions are preferable for optimising the energy and CO2 
balance. Second, recovering energy from wood-based by-products such as biofuel has a 
significant positive effect for both environmental impact categories. Third, wood-framed 
structures have a lower energy and CO2 balance than concrete frames in almost every case. 
Asif et al. carried out an LCA study on a dwelling in Scotland [5]. By means of a materials 
inventory and database from various relevant literature, they quantified the embodied energy 
of a realised house and indicated that concrete accounts for the largest component of the 
total energy consumption. Dimoudi and Tompa analysed the embodied energy and 
environmental indicators associated with the construction materials of two office buildings 
[41]. Among various sorts and purposes, the embodied energy of the structural assembly 
accounts for the majority of the total amount, up to 60% or higher. With regard to CO2 
emissions, the structural elements account for more than 70% of the total volume. 
Compared to the structure, the results for the envelope materials are the second largest 
element in terms of both indicators.
Nässén et al. assessed the energy use and carbon emission during the manufacturing phase 
of buildings [105]. Although dealing with the whole building sector rather than individual 
constructions, they collectively analysed the environmental impacts of detached and multi-
dwelling buildings in macroscopic ways. The primary energy for production is 6.2 GJ/m2 and 
5.8 GJ/m2 for the detached and multi-dwelling houses, respectively. As far as CO2 is 
concerned, the results of the evaluation were 72 kg-CO2/m2 and 98 kg-CO2/m2 for each type 
of building. All these outcomes are relatively high compared to the findings of other 
research. Basbagill et al. used LCA to estimate the embodied environmental impacts of 
buildings designed according to various strategies [7]. Although considering the implications 
due to maintenance, which belongs to the operational phase, the investigation scope 
focused on the building materials and their embodied impacts. The ecological performance 
varied as the dimensions of the constructional components were adjusted. The correlation 
between the environmental burden and dimensions of the building element was 
quantitatively determined in this study. Such conclusions can contribute to decision-making 
in the early life cycle stage, encouraging designers to adopt eco-friendly strategies.
The evaluation methods used for whichever life cycle phase basically consist of [105][129]:
1. Process-based method
2. Input-output method
Treloar et al. described and compared these two methods [129]. In their study, the initial 
embodied energy calculated by various studies is shown as the last column in Table 2.3. 
These findings basically contain the energy for producing the building materials and erecting 
the constructions, comprising the requirement in the early life cycle stages.
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Table 2.3 Methodology for LCA-based study [128]
Author Country Floor Material Method GJ/m2
Adalberth 1997 [1] SE 1
1
2
Wood Process LCA 3.7
3.5
2.9
Adalberth et al. 2001 [2] SE 2
3.5
4
4
Concrete
Concrete
Wood
Steel/Concrete
Process LCA 3.2
3.5
4.5
3.4
Buchanan & 
Levine
1999 [22] NZ 1
1
1
1
Steel / Brick
Concrete
Wood
Wood / Brick
Process LCA 4.7
3.4
1.7
3.9
Fay et al. 2000 [51] AU 2 Brick Hybrid I-O LCA 14.1
Keoleian et al. 2001 [87] USA 2
2
Wood frame
Wood frame
Process LCA 6.6 - 7.3
7.3
Thormark 2002 [125] SE 2 Wood Process LCA 6.2
Treloar et al. 2001 [131] AU 2 AU average
Brick
I-O analysis
Hybrid I-O LCA
6.8
14.3
The LCA studies concerned with buildings that have been beneficial for this dissertation are 
listed in Table 2.4, including a summary of their contents. This table uses abbreviations for 
certain technical terms. EE is embodied energy and OE means operational energy, under 
which PE refers to primary energy and E-U denotes the end-use energy. In the columns 
about GWP and the contribution of recycling, this table indicates (x) the studies that take 
these issues into account. In the Method column, P-B refers to the process-based method 
and I-O means the input-output framework. P-B and I-O are the mainstream methods for 
LCA, but some specific studies have attempted to develop a hybrid framework beyond 
these concepts [51][131]. The last column shows two objects, BMCC and WPC, which refer 
to ‘building material and component combinations’ and ‘whole process of the construction’, 
respectively [107]. Thereafter, res. means residential building, off. is office, com. refers to a 
commercial building and gen. denotes general construction.
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Table 2.4 Relevant LCA studies about constructions *
Author EE OE GWP Recycle Method Notation
Adalberth 1997 [1] E-U E-U -- -- P-B WPC - res.
Adalberth et al. 2001 [2] E-U E-U X X P-B WPC - res.
Asif et al. 2007 [5] ?(PE) -- X -- BMCC
Basbagill et al. 2013 [7] ?(PE) -- X -- P-B BMCC
Börjesson&Gustavsson 2000 [18] PE -- X X BMCC
Bribián et al. 2009 [20] PE PE X -- WPC - res.
Buchanan & Honey 1994 [21] ?(PE) -- X -- P-B WPC
Citherlet & Defaux 2007 [25] E-U E-U X -- WPC - res.
Cole & Kernan 1996 [26] ?(PE) ?(PE) -- -- WPC - off.
Cole 1999 [27] ?(PE) -- X -- BMCC + S.
Dimoudi & Tompa 2008 [41] PE ?(PE) X -- WPC - off.
Fay et al. 2000 [51] PE PE -- -- I-O WPC - res.
Feist 1996 [52] PE PE -- -- WPC
Gerilla et al. 2007 [58] -- -- X -- I-O WPC - res.
Gustavsson&Sathre 2006 [63] PE -- X X BMCC
Gustavsson&Joelsson 2010 [64] PE PE X -- WPC - res.
Gustavsson et al. 2010 [65] PE PE X -- WPC - res.
Junnila et al. 2006 [85] ?(E-U) ?(E-U) X -- WPC- com.
Keoleian et al. 2001 [87] PE PE X -- P-B WPC - res.
Mithraratne & Vale 2004 [104] PE PE -- -- WPC - gen.
Nässén et al. 2007 [105] PE -- X -- I-O WPC
Petersen & Solberg 2005 [110] -- -- X -- BMCC
Peuportier 2001 [111] ?(PE) ?(PE) X X WPC - res.
Rossi et al. 2012 [116] PE PE X X P-B WPC - res.
Sartori & Hestnes 2007 [118] PE PE -- -- WPC
Scheuer et al. 2003 [120] PE PE X -- WPC - uni.
Thormark 2002 [125] PE PE -- X P-B WPC - res.
Treloar et al. 2000 [130] PE PE -- -- I-O WPC - res.
Wallhagen et al. 2011 [142] ?(E-U) ?(E-U) X -- WPC - off.
Winther & Hestnes 1999 [148] E-U E-U -- -- P-B WPC - res.
Wu H J et al. 2012 [149] ?(PE) ?(PE) X -- WPC - off.
Wu X et al. 2005 [150] -- -- X -- material
Zimmerman et al. 2005 [151] -- PE X -- WPC
* EE is embodied energy and OE means operational energy, under which PE refers to primary energy 
and E-U denotes the end-use energy. Regarding GWP and recycling, this table indicates (x) the 
studies that take these issues into account. P-B refers to the process-based method and I-O means 
the input-output framework. BMCC and WPC refer to ‘building material and component 
combinations’ and ‘whole process of the construction’, respectively. The res. means residential 
building, off. is office, com. refers to commercial building and gen. denotes general construction.
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3 DESIGN OF ESTIMATION
The entire comparative estimation comprises four sections:
1. Embodied environmental implications of different structural systems of wooden buildings;
2. Embodied ecological efficiency of diverse constructions composed of various materials;
3. LCA of building models comprising equivalent thermal performance;
4. LCA of building models exhibiting similar seismic behaviour.
First, the LCA results for thirty realised buildings are analysed based on the inventory of 
each project. This evaluation task is intended to quantify and compare the embodied 
environmental burdens caused by different structural systems of timber houses. The 
purpose is to determine which building system has the least embodied environmental 
implications. The second section is a comparative evaluation of the embodied ecological 
impacts caused by different building materials, when used in the same constructional 
model. This study aims to investigate the ecological efficiency of various materials in the 
form of whole assemblies. With regard to making a compatible LCA comparison, however, 
the appraisal needs a more scientifically appropriate framework. In order to address this 
insufficiency, the third and fourth LCA studies are carried out. Certain criteria and advanced 
methodologies are applied in these LCA tasks in order to make a reliable comparison of the 
buildings’ environmental efficiency.
The third section involves various building models made of different materials but providing 
equivalent thermal performance. Within this estimation framework, the thermal performance 
of a building is simply represented by the thermal inertia of its outer walls. Constructions 
composed of alternative envelopes are developed and LCA based on the inventories of 
these assemblies are carried out. The fourth section examines three structures composed of 
diverse building materials but exhibiting similar seismic behaviour. In this study, the 
horizontal stiffness of the entire building against earthquakes indicates its seismic 
performance. The simulation task develops alternative multi-storey building models 
according to the seismic performance. The environmental impacts of the three building 
models are quantified in order to compare the ecological implications of the investigated 
constructions. Both the third and fourth sections take into account the contribution of 
recycling scenarios. The impact of disposal after the end-of-life and the feedback from reuse 
and recovery are integrated into the overall impact assessment.
Defining the system boundary and research scope is essential for LCA studies. The life cycle 
of a timber building is depicted in Figure 3.1. This framework refers to a ‘from-cradle-to-
grave’ boundary condition, including the manufacturing, utilisation and dismantling phases. 
In the studies here, however, the estimation scope is focused on the production and 
recycling stages, without the results for utilisation and maintenance. This appraisal 
framework is the so-called ‘from-cradle-to-gate’ plus ‘from-gate-to-grave’ system. The scope 
is illustrated in Figure 3.2.
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Figure 3.1 Life cycle of timber building
Although the ecological impacts of the utilisation phase account for the majority of total 
volumes, the analysis in this study is basically oriented to the initial embodied implications, 
with complementary consideration of the effect of disposal scenarios. This definition is 
based on both engineering and scientific purposes:
1. The initial embodied environmental implications become more significant when the 
burden generated during the utilisation stage can be alleviated. Energy-efficient houses and 
related research have demonstrated this phenomenon [105][118][125][142].
2. Simulation of the utilisation phase involves a great deal of uncertainty and discrepancy. 
The numerous specific assumptions and hypotheses may lead to unreliable and unfeasible 
calculated results. Meanwhile, the findings for the utilisation stage vary widely depending on 
the assumed life span, which is uncertain and lacks robust data [116]. Whereas the analysis 
results for the utilisation phase may not matter practically, the study on the embodied 
implications, i.e. technical and industrial issues, is more meaningful.
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3. Investigation of the processes associated with production, erection and demolition can 
assist engineers and designers to enhance the current industrial circumstances. It can lead 
to reexamination of the building sector and makes a more appropriate selection of eco-
friendly products and services possible. The emphasis on the early stages of the whole life 
cycle is conducive to dealing with the practical and technical matters.
4. In terms of the quality of energy, the manufacturing and transporting processes are more 
important than those for underpinning daily life. Whereas the energy-efficient house can use 
renewable energy like solar and wind power, industrial processes must use non-renewable 
fossil fuel energy. Processes related to producing building materials and erecting 
constructions are energy-intensive and have to use power resources with high energy 
density. Close inspection of such objects contributes directly to addressing energy matters.
For these reasons, the system boundary of the LCA in this dissertation is determined as 
shown in the figure. The setup and design of the analyses are detailed in the subsequent 
sections based on the prerequisites stated above.
resources
extraction
assembly
production
use &
maintain.
dismantle
disposal
reuse
recycling
Figure 3.2 Research scope of this LCA study
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3.1 THIRTY MULTI-STOREY TIMBER BUILDINGS
Table 3.1 List of investigated building projects
No. Project Location Year Storey Function
1 Timber settlement Arlesheim, CH [95] 1999 2 + 1 Housing
2 7-storey building Berlin, DE [35][101] 2009 7 Housing
3 Special school Buchegg, CH 1) 1998 3 School
4 EPFL dormitory Lausanne, CH 1) 2004 4 Housing
5 Attached housing Freiburg, DE 1) 1999 4 Housing
6 Maison Guisan La Tour-de-Peilz, CH 1) 1999 3 House
7 School extension Brakel, DE 1) 2009 2 School
8 Zinths’ house Meidendorf, DE 1) 2011 2 House
9 4-storey housing Schaanwald, FL 1) 1996 4 Housing
10 Primary school Triesenberg, FL 1) 1994 5 School
11 6-storey building Steinhausen, CH [97] 2006 6 Housing
12 Hegianwandweg sett. Zurich, CH 2) 2003 5 Housing
13 Letzistrasse sett. Zurich, CH 2) 2007 2 & 4 Housing
14 Wooden settlement Wallisellen, CH 2) 2003 5 Housing
15 Casa Montarina Lugano, CH [98] 2008 5 Housing
16 Hugo Boss admin. Coldrerio, CH 2) 2006 3 Office
17 Minergie office Zollikofen, CH [100] 2007 3 Office
18 Suburban housing Koeniz, CH [97] 2005 3 +1 Housing
19 Green office Givisiez, CH [100] 2007 3 Office
20 4-storey building Bulle, CH [100] 2007 4 Mix
21 Canton school Wil, CH [96] 2004 2 - 4 School
22 Elders’ settlement Speicher, CH 2) 2006 4 & 5 Mix
23 Elementary school Ossingen, CH [99] 2006 3 School
24 Marché admin. Kemptthal, CH [33][38] 2007 3 Office
25 Hill settlement Grosswil, CH 2) 2007 3 Housing
26 Forest admin. Biel, CH 2) 2007 2 Office
27 Business centre Biel, CH [33] 2006 3 Mix
28 Suburban building Zug, CH 2) 2003 4 Housing
29 Attached building Wettingen, CH 2) 2003 3 + 1 Housing
30 Secondary school Geneva, CH [99] 2007 2 School
31 Schöb AG Gams, CH 2) 2006 3 Office
1) The information is mainly from Bois Consult Natterer SA in Switzerland.
2) Detail information is available in the Appendix A.
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The information on all the investigated building projects is shown in Table 3.1.
By examining a variety of timber buildings, this appraisal contributes to analysing the 
ecological performance of diverse wooden structures and comparatively inspecting the 
implementation of timber engineering in the building sector. The results of this analysis 
demonstrate which structural system results in the lowest magnitude of environmental 
burdens.
3.1.1 Project Selection
The task of assessment requires the identification of compatible wooden buildings for 
analysis. These building projects should have been completed in recent decades, being able 
to be referred as modern timber houses. The selected samples must be representative 
cases whose structural elements are mainly made of wood and whose inventory and 
tectonic information are available for appraisal. To meet these criteria, the selection begins 
with a review of the literature, where there are specific references to timber building and 
engineering. For example, the Timber Construction Manual [69], Konstruieren mit Holz [147] 
and magazine Holzbulletin [95-100] are useful sources. Several technical reports about 
relevant subjects, such as [8] and [101], are also helpful. On the other hand, consulting 
experts or associated commissioners assist with the identification of adaptive building 
projects. Meanwhile, a field investigation is necessary to fill any gaps in the literature and to 
establish a robust database for the subsequent impact assessment. Based on the 
information from relevant literature and the field investigation, it is then possible to identify 
suitable examples of buildings. The selected projects are listed in Table 3.1.
In order to focus on the construction without interference from the decoration and building 
facilities, only the structural elements are taken into account when compiling the inventory. 
In this way, the LCA about the initial embodied implications is oriented onto the structural 
systems. Furthermore, the secondary structure and uncertain applications of materials are 
excluded. For example, staircases, which are generally made of steel and reinforced 
concrete, are not calculated in the inventory.
3.1.2 Criteria
For convergent estimation, the listed timber buildings have to be further sifted to select 
suitable wooden constructions. Although classified as timber houses, these wooden 
structures may consist of alternative materials in considerable quantities and/or for essential 
structural purposes. The composite use of various building materials is normal in 
contemporary timber constructions and sometimes causes contradictions in the definition of 
wooden structures. Criteria for sifting samples are necessary to identify suitable building 
projects and restrict the research scope within them for the converged LCA.
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Table 3.2 Structural element and V/A ratio of investigated building projects
No. Project Horizontal 1) Vertical 1) Volume Area V/A2)
1 Arlesheim, CH Board Board 2,800 m3 9,500 m2 0.30 Y
2 Berlin, DE Beam + HBV Column 230 m3 1,100 m2 0.21 Y
3 Buchegg, CH Board Column + RC 340 m3 1,500 m2 0.22 Y
4 Lausanne, CH Beam + Board Board + Column 6,300 m3 8,500 m2 0.74 Y
5 Freiburg, DE Board Board 920 m3 2,500 m2 0.37 Y
6 LaTour-de-Peilz,CH Beam + Board Column 140 m3 430 m2 0.33 Y
7 Brakel, DE Beam + Board Column 64 m3 290 m2 0.22 Y
8 Meidendorf, DE Board Board + Column 62 m3 130 m2 0.47 Y
9 Schaanwald, FL Board Board 350 m3 1,600 m2 0.22 Y
10 Triesenberg, FL Board (HBV) RC Column 1,030 m3 11,800 m2 0.09 N
11 Steinhausen, CH Board Board 184 m3 1,650 m2 0.11 Y
12 Zurich, CH Board (HBV) Board 1,650 m3 34,000 m2 0.05 N
13 Zurich, CH Board Board 70 m3 2,700 m2 0.03 N
14 Wallisellen, CH Board Board 280 m3 13,000 m2 0.02 N
15 Lugano, CH Board Board 160 m3 600 m2 0.27 Y
16 Coldrerio, CH Steel Beam +
Board (HBV)
Board + 
Steel Column
1,200 m3 9,300 m2 0.13 Y
17 Zollikofen, CH Board (Box 
girder + HBV)
Wood & Steel 
Column
290 m3 1,840 m2 0.15 Y
18 Koeniz, CH Board (HBV) Board 240 m3 1,760 m2 0.14 Y
19 Givisiez, CH Beam Column 134 m3 1,300 m2 0.10 Y
20 Bulle, CH Board Board 280 m3 1,300 m2 0.21 Y
21 Wil, CH Beam Column 2,200 m3 15,000 m2 0.15 Y
22 Speicher, CH Board (CLT) Board 620 m3 7,300 m2 0.08 N
23 Ossingen, CH Board (S-o-P) Board 250 m3 2,100 m2 0.12 Y
24 Kemptthal, CH Board Board + Column 250 m3 1,450 m2 0.17 Y
25 Grosswil, CH Board Board 250 m3 2,300 m2 0.11 Y
26 Biel, CH Board Board 210 m3 1,400 m2 0.15 Y
27 Biel, CH Board Board + Column 420 m3 4,900 m2 0.09 N
28 Zug, CH Board (HBV) Board 200 m3 1,660 m2 0.12 Y
29 Wettingen, CH RC Board Board 210 m3 12,500 m2 0.02 N
30 Geneva, CH Beam Board + Column 3,000 m3 17,000 m2 0.17 Y
31 Gams, CH Beam + Board Column 150 m3 1,200 m2 0.13 Y
1) Here, the board refers to the structural element manufactured in the form of panels. 
These elements can be made by a variety of wooden components, such as stack-of-plank, 
cross-laminated timber, board element or wood-concrete compound element shown in 
Ch. 2.1.1.
2) dividing the volume by floor area, known also as the V/A ratio.
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The quantity of structural timber per square meter of floor is the first criterion used to sift 
valid cases. Some building projects are easy to identify as timber structures, while some are 
ambiguous to define due to the complex use of alternative building materials. Surveying the 
obvious timber structures, such as cases 1-8, 17-21 and 24 in the list, contributes to 
developing intuitional criteria for identifying authentic wooden constructions. Some criteria 
can be derived from inspecting and examining these houses. In this study, one quantitative 
indicator is adopted as the benchmark, i.e. the ratio of the volume of structural wood to the 
floor area (V/A ratio). Based on the ratios of these typical wooden buildings, the knockout 
criterion is set as 0.1 m3/m2. Figures beyond this value demonstrate that a building is 
composed of sufficient and proper structural timber and can be recognised as a wooden 
construction.
Within the list, building projects with a V/A ratio not less than 0.1 are chosen as appraisal 
samples for the subsequent impact assessment. Overall, the cases that finally qualify 
comprise 24 buildings, as shown in Table 3.2.
3.1.3 Classification Based on Structural System
Classification according to structural system allows for the subsequent comparative 
estimation about environmental efficiency. The task of categorisation is carried out based on 
the structural systems as described in Ch.2.1.3 and all the building projects are primarily 
divided into three groups:
1. Board system
2. Post-and-beam system
3. Compound system
The prototypes of these structural systems are illustrated in the figures attached in Tables 
3.3, 3.4 and 3.5, which simply show the tectonic concepts and profiles. The associated 
projects are listed in these tables together with the drawings.
The board system is composed of plate elements used in vertical and horizontal 
implementations and in the form of massive, laminated or composite profiles. Although the 
representative figure is delineated with stack-of-plank and cross-laminated timber, both 
vertical and horizontal components can be manufactured by means of diverse boards, which 
are generally prefabricated or semi-prefabricated products. Different boards provide different 
structural functionality and building physics serviceability, as described in Ch.2.1.1 and 2.1.4. 
A variety of connecting concepts, materials and techniques are available for combining 
boards and forming space. In this study, however, the profiles and characteristics of the 
joints are not further discussed, and the prototype drawing is not intended for illustration of 
the details of the connections.
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Table 3.3 Board system - prototype and associated cases
Board System
horizontal element: wooden board 1) wood-concrete 2) hollow box girder 3)
vertical element: wooden board 4) extra rigidity 5)
connection:
1) stack-of-plank cross-laminated timber
2) in-situ concrete cement board
3) shaped beam composite panel
4) stack-of-plank cross-laminated T. composite panel
5) RC component by staircases
building project: 1 5 9
10* 11 12*
13* 14* 15
18 20 22*
25 26 27*
28 29*
* Projects with an asterisk are eliminated from the estimation 
due to insufficient structural timber components. Therefore, 
only 10 cases remain for further appraisal.
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Table 3.4 Post-and-beam system - prototype and associated cases
Post-and-beam System
horizontal element: wooden beam 1) extra rigidity 2)
vertical element: wooden post 3) extra rigidity 4)
connection:
1) sawn timber stack-of-plank glulam
2) floor made of wooden composite or wood-and-concrete 
panel
3) sawn timber stack-of-plank wood plus steel
4) complemented by wooden composite or RC components
building project: 2 7 19
21 30 31
note: --
The post-and-beam system consists of vertical and horizontal bar-shaped members, which 
primarily afford most of the loading. Although structurally economic and efficient, this 
system does not play a role in the building envelope or provide physical insulation. 
Nevertheless, this system offers considerable flexibility to install a variety of envelopes to 
achieve the building physics requirements. Because of its versatility and adaptability, this 
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system has been widely used in modern timber buildings. Whereas boards were generally 
used in the past, bar-shaped elements used as columns are increasingly preferred for their 
greater capacity and efficiency. For example, cases 2, 7 and 19 have been established in 
recent years and utilised for various purposes.
Table 3.5 Compound system - prototype and associated cases
Compound System
horizontal element: wooden board 1) wood-concrete 2) alternative support 3)
vertical element: wooden board 4) wooden post 5) alternative column 6)
connection:
1) stack-of-plank composite panel cross-laminated T.
2) in-situ concrete cement board
3) alternative beam
4) stack-of-plank composite panel cross-laminated T.
5) sawn timber stack-of-plank
6) steel column RC component
building project * 3 4 6
8 16 17
23 24
* These projects have to be further divided for subsequent 
assessment, because of significant discrepancies.
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The compound system refers to two sorts of concepts in structural systems. One is the 
multiple application of diverse materials for structural elements. For example, building 
projects No. 16 and 17 use significant amounts of steel columns and these components 
cannot be ignored. Case No. 23 uses some concrete columns on the ground floor for vertical 
support. On the other hand, a compound system can also refer to timber constructions 
composed of both board and post-and-beam systems. For instance, buildings No. 6 and 8 
have flooring systems in the form of stack-of-plank boards and numerous columns made of 
sawn timber. Project No. 24 is composed of wood and steel columns as well as board-based 
floors. Although classified into one category, these differing compound systems have to be 
analysed and discussed individually in the subsequent impact appraisal.
3.1.4 Setup and Input input SimaPro
This study uses the Ecoinvent database for LCA with the calculation program, SimaPro, 
developed by the Dutch company, PRé Consultants. Initiated by ETH Zurich, EPFL and 
various institutes and organisations since the late 1990s, the Ecoinvent database is widely 
used for LCA in a large number of related studies. Currently, the Ecoinvent database is the 
most extensively used and robust database [139]. Based on numerous research findings, it 
comprises data representative of Western and Central Europe, where the selected building 
projects are located. Meanwhile, the corresponding estimating methods, e.g. CML baseline 
or Eco-Indicator 99, are well developed for use in parallel with the Ecoinvent database. 
Therefore, the current evaluation study uses the Ecoinvent database for the ecological 
appraisal.
To build up a consistent model in SimaPro, the evaluation task has to apply processes that 
are in line with the realistic circumstances of the building industry, such as particular 
products or specific manufacturing procedures. As this section is concerned with 
determining the initial embodied environmental impacts, only the structural materials and a 
few erecting processes are taken into account. Non-structural elements are eliminated from 
the appraisal, since many buildings may have significantly discrepant magnitudes of non-
structural materials, and such a divergence creates considerable noise for comparison. The 
processes in the Ecoinvent database as well as their corresponding items in the inventory of 
building projects are shown in Table 3.6.
This selection depends on the instructions attached with the processes in the particular 
programs and other literature, such as [57].
The Ecoinvent database consists of a large number of processes referring to most of the 
associated materials and products. As far as stack-of-plank is concerned, however, no 
completely appropriate process is available to embody such a compound, which is 
composed of timber planks transversely connected by wooden dowels. Although the 
Ecoinvent database does include a similar item, this process does not wholly conform with 
the stack-of-plank utilised here, due to some metallic connections inside. Therefore, an 
alternative assembly has to be developed for representing this product. Based on the 
tectonic profile and the characteristics of materials, this modelling is based on softwood and 
hardwood for the plank and dowel, respectively. According to [9], the dowel accounts for 
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about 2% of the entire volume. Thus, the stack-of-plank is assumed to comprise 100% 
softwood and 2% hardwood.
Table 3.6 Selected processes in SimaPro for realistic timber buildings
Processes in SimaPro Realistic products and services
Sawn timber, softwood, planed, air dried, at plant / 
PER U
Sawn timber
Sawn timber, softwood, planed, air dried, at plant / 
PER U (100%)
Sawn timber, hardwood, planed, air / kiln dried, 
u=10%, at plant / PER U (2%)
Stack-of-plank, with wooden 
dowel
Glued laminated timber, outdoor use, at plant / 
PER U
Cross-laminated timber or glulam
Three layered laminated board, outdoor use, at 
plant / PER U
Multi-layered wooden panel
Steel, converter, unalloyed, at plant / PER U Steel elements
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3.2 SINGLE AND SIMPLE CONSTRUCTION
The purpose of this study is to analyse and compare the embodied environmental 
performance of various building models. These models consist of similar forms and profiles 
and are made of different materials. Compared to conventional LCA, this study provides an 
aggregative and quantitative comparison of the ecological performance of whole structural 
assemblies, rather than individual or exclusive evaluation results.
3.2.1 Introduction and Building’s Profile
In order to carry out a comparative study, the estimation task has to determine a 
constructional prototype. Such a construction must fulfill several principles as well as 
possible:
1. A simple and universal tectonic profile, which is compatible with and applicable for diverse 
materials;
2. An explicit load-bearing system, whose structural elements can be rated into distinct 
hierarchies, in both vertical and horizontal dimensions;
3. An abstract form, whose structural behaviour and concept can be considered reasonable 
for various building assemblies.
These criteria are intended to enable convergent modelling as well as comparative LCA. 
Since the benchmark construction will be re-established by means of various building 
materials, its form and profile have to be applicable for a variety of structures. For example, a 
light frame system is useful for wooden buildings but causes structural irrationality in 
concrete buildings. On the other hand, the board system, which mainly comprises solid 
plates, is broadly applied in timber building, while such massive panels are unusual in steel 
construction. The post-and-beam system with some envelopes is more likely to be a 
universal solution for these materials.
The load-bearing system, i.e. the way to transmit loads, must be feasible for diverse 
materials as well. A compound system composed of complicated structural components or 
inferior systems is hard to substitute with any single material. Meanwhile, the explicit 
hierarchy of the structural system makes it possible to replace the elements with the 
intended materials individually. Extremely sophisticated forms may be difficult to define and 
then to distinguish the structural and non-structural parts. This complexity leads to ambiguity 
and dilemmas in determining the strategies needed to develop an alternative building model.
With regard to the prerequisites stated above, an extensive construction realised in Brakel, 
Germany, was chosen as the benchmark construction. As a two-storey house with a post-
and-beam system and inclined roof, this building embodies a simple, definite and generally 
feasible structure. The information and constructional profile are shown in Table 3.7 and 
Figures 3.3 to 3.6.
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Table 3.7 Constructional information about the school in Brakel, Germany
Basic information
Function School - extensive construction upon original campus
Completed Year 2009
Location Klösterstraße 12, 33034 Brakel, Germany
Building description
Floor area ca. 12m * 12m (* 2 floors)
Height 8.5m / ca. 10.0m from ground floor (without / with pyramid roof)
Construction
Column Sawn timber, partially with oak plank
Wall Stack-of-plank element
Beam 3-layered sawn timber, combined with joints
Floor Stack-of-plank, laid over the beams
Roof Rose-like compound structure, with ceiling made of stack-of-plank
Spatial bracing Bracing derives from walls and floors made of stack-of-plank 
elements as well as the connection to the original building.
Figure 3.3 Extensive part of the school Figure 3.4 Facade of new construction
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Figure 3.5 3-D model of the structure Figure 3.6 Interior of the extension
3.2.2 Alternative Models Made of Other Materials
According to the chosen benchmark building, alternative constructions made of concrete 
and steel are developed. These alternative models are of approximately the same forms and 
profiles as the benchmark construction but have certain modifications to the details.
As far as the concrete building is concerned, the amount of reinforced steel (referred to as 
re-bar hereinafter) has to be determined quantitatively to establish the material inventory. 
Due to the lack of reliable data, the volume of re-bar must be estimated by means of 
assumption and design. Within the cross-section of the columns of the benchmark building, 
some re-bars are installed in an appropriate way. The design task uses re-bars with a 
diameter of 12.7 mm and allocates them at intervals of 60 mm. The profile of the cross-
section is illustrated in Figure 3.7. Given this assumption and design, the volume of re-bar 
accounts for about 2.4% of the entire element. In other words, the re-bar’s weight is 
approximately 7.7% of the whole member, while the density of concrete and steel is set as 
2,250 kg/m3 and 7,600 kg/m3, respectively [141]. In terms of overall density, this compound 
product is about 2,378 kg/m3. This magnitude of reinforcement ranges within a reasonable 
margin for a structural element.
Figure 3.7 Cross-section of RC construction
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Apart from most of the components in the ground and first floors, the ceiling plate of the RC 
model requires a particular strategy for modification. Since the thickness of the roof in the 
benchmark building is relatively thin for an RC construction, the derived model uses a 
roofing panel with a thickness of 20 cm, which results in a more reasonable proportion of 
thickness to span for the general horizontal concrete board.
The steel construction is developed by means of particular strategies. In practice, the steel 
element is not manufactured in the form of massive cross-sections as concrete and timber 
are. Instead, steel components are made of shaped profiles, such as box-shaped or I-shaped 
members. Therefore, the steel model is developed in specific ways based on the 
characteristics of the steel or other metallic materials. The applied cross-sections of the 
column, beam and rafter are depicted in Figure 3.8 respectively. Compared to the 
benchmark building, the steel construction employs some brackets for post-to-beam joints, 
which provide rotational stiffness and assure the capacity for shear force.
As far as the plate elements in the steel construction are concerned, an alternative strategy 
is utilised to replace the massive boards. Since the walls in the first floor and the roofing 
system offer certain serviceabilities for the building, these components are essential but 
different forms or materials are considered. In this simulation, the walls are substituted by 
means of diagonals, which are made of thin steel plates. On the other hand, the roof shell is 
replaced by aluminium-based corrugated roofing sheet, which has a sheltering function but 
possesses neither in-plane nor out-of-plane stiffness. The flooring system is composed of 
reinforced concrete, whose profiles and constituents are the same as the concrete model. 
Eventually, the material inventory of these buildings is established accordingly.
Figure 3.8 Cross-section of steel construction
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3.2.3 Complementary Instruction and Statement for Comparison
Within this estimation and comparison, the timber structure is a realistic project, while the 
alternative constructions are derived from the benchmark building with certain modifications 
or suppositions for the design. The alternative profiles are conceived by means of 
reasonable solutions based on the properties of the materials and general practical 
engineering. As far as the exact structural capacity and efficiency are concerned, however, 
the derived components and details may not completely achieve all requirements.
The assumptions and modifications in this simulation do not guarantee the optimal design of 
the alternative models. Although the general mechanism of the material and structure has 
been taken into account, the construction models derived cannot respond sensitively and 
definitely to every related building norm. Meanwhile, the conceived building model is not the 
only alternative solution possible. For example, the allocation and use of re-bar in concrete 
structures can have various profiles. Although the quantity of re-bar will vary for different 
components, this model applies a constant proportion for the whole building. The cross-
section and thickness of the steel elements remain flexible to permit certain optimised 
designs. This alternative model represents one solution among a variety of design 
strategies. Furthermore, the solutions or modifications conceived here have to be 
reasonably consistent with the benchmark construction, which inevitably leads to some 
incompatibility in terms of details. Nevertheless, these derivative constructions made of 
different materials embody adoptable solutions as alternative structural models. Such 
invention provides a reliable basis for comparative LCA studies.
3.2.4 Setup and Input in SimaPro
The chosen processes in the program and the corresponding products are shown in Table 
3.8.
The energy consumed for erection is experimentally and hypothetically taken into account in 
this appraisal. The applied values are based on earlier research on the energy consumption 
of construction processes. Although the energy demand for each material or construction 
differs considerably among various studies, the analysis results show some convergent 
tendencies and conclusions. First, the energy requirement for the erection process is related 
to the mass of the building materials [53]. Some assessment results have demonstrated this 
correlation also [22][26]. Second, the energy demand for erection accounts for approximately 
7% of the total initial embodied energy of a structure [1][116]. Therefore, energy 
consumption in the construction phase is assumed to be different for diverse building 
materials. The baseline consumption is set as 15, 10 and 80 MJ/m2 for timber, steel and RC 
construction, respectively [27]. The diesel used for the machinery and vehicles on the 
building site is used summarily to indicate the energy resources used for construction.
Due to some extreme appraisal results from relevant studies, a sensitivity test is necessary 
to gauge the reliability of construction energy figures. For example, the erection energy for 
wooden structures comprises the factors of 15, 45 and 75 MJ/m2 and the energy input of 
steel construction contains 10, 30 and 60 MJ/m2. This analysis serves two purposes. One is 
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to cover a wider range of erection energy consumption, which is raised in various studies. 
The other is to proportionally and linearly quantify its impact and margins compared to the 
whole embodied energy.
Table 3.8 Selected processes in SimaPro for building materials and techniques
Processes in SimaPro Realistic products and services
Sawn timber, softwood, planed, air dried, at plant / 
PER U
Sawn timber
Sawn timber, softwood, planed, air dried, at plant / 
PER U (100%)
Sawn timber, hardwood, planed, air / kiln dried, 
u=10%, at plant / PER U (2%)
Stack-of-plank, with wooden 
dowel
Glued laminated timber, outdoor use, at plant / 
PER U
Cross-laminated timber or glulam
Steel, converter, unalloyed, at plant / PER U Steel columns and beams
Aluminium, production mix, at plant / PER U Aluminium corrugated roofing 
sheet
Reinforcing steel, at plant / PER U Re-bar
Concrete, normal, at plant / CH U Concrete
Diesel, burned in building machine / GLO U Constructing energy
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3.3 THERMAL PERFORMANCE
This LCA study is to analyse and compare the environmental efficiency of diverse 
constructions with equivalent thermal performance. The feedback effect of the recycling 
scenario is taken into account as well. The result demonstrates which type of construction 
produces the least burden due to its production, transportation and disposal after the end of 
life. In spite of the exclusion of the utilisation phase, this appraisal quantitatively and 
comprehensively reveals the life cycle environmental implications of alternative building 
materials in the form of whole structures.
This comparative estimation first examines various buildings with a variety of types of outer 
walls. Although composed of different materials, these walls are designed with 
approximately equivalent thermal performance, which is simply referred to as the thermal 
inertia of the envelopes. Then, a specific recycling scenario for the given material is devised 
and imposed on the particular product individually. The development of these disposal 
scenarios after the end of life is based on some studies that report the related 
circumstances of the building sector, especially regarding construction and demolition waste 
(C&DW) [15][83][92][105][116][118][123][126]. Based on this information and database, the 
material inventory and the disposal scenario of each construction are compiled and the 
impact assessment can be implemented. Eventually, the evaluation result makes it possible 
to elucidate the correlation between the thermal performance of building materials and the 
LCA outcome for corresponding structures.
Compared to conventional LCA, this estimation framework is conceived in order to compare 
the ecological implications in persuasive and adaptive ways. The investigated constructional 
samples are derived based on one functional prerequisite and comprise concise and 
consistent tectonic profiles, leading to a scientific and synthetic comparative LCA. The 
comparison is initiated from a feasible basis and interference due to complexity is 
considerably diminished.
3.3.1 A Role of the Wall - Thermal Function
As the envelope of a building, the outer wall has multiple functions, such as facade, load-
bearing and protective purposes. Building physics serviceability, e.g. water-proofing, 
ventilation and thermal insulation, is an essential role played by the outer wall.
Various materials for walls have differing thermal conductivities, which primarily determine 
their thermal insulating capacity. When the wall is manufactured from multiple materials and 
in composite forms, its thermal resistance can be predicted by a theoretical formula along 
with the thermal characteristics of each associated material.
As far as a single material or single-layered wall is concerned, thermal resistance can be 
predicted by means of the equation below:
R = 1/u = d/K (3-1)
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where u is the inverse of the thermal resistance R, d denotes the thickness of the wall and K 
refers to the thermal conductivity of the applied material. The unit of R value is m2·ºK/W, 
where m is meter, °K is degree Kelvin and W is watt.
In the case of multi-layered walls in the form of series connections, the thermal resistance 
can be calculated by:
R = ∑Ri + Ra = ∑di/Ki + Ra (3-2)
where Ri denotes the thermal inertia of the i layer, di is the thickness and Ki is the thermal 
conductivity of the i material. Ra refers to the thermal insulating capacity of the hollow space 
within the wall. If the wall does not contain such a space, Ra is zero.
With regard to a wall composed of both series and parallel connections, the thermal 
resistance can be assessed by a complex equation:
R = ∑ Ri + ∑{1/∑(1/Rjk)} + Ra (3-3)
where Ri refers to the thermal resistance of the i layer, whose calculation is shown as 
equation 3.1, and Rjk denotes the thermal resistance of the k sub-layer within the j parallel 
layer. Ra is the thermal resistance of the hollow layer. For example, given a composite wall 
as illustrated in Figure 3.9, the theoretical thermal resistance model of this assembly can be 
indicated as in Figure 3.10.
Figure 3.9 Wall assembly Figure 3.10 Theoretical thermal model
With regard to the convective heat transfer next to the surface of the wall, the heat transfer 
coefficient must be considered. Whereas the thermal conductivity is a constant associated 
with the specific material, the heat transfer coefficient varies with the distinct conditions in 
the sites. The values applied for the inner and outer surfaces of a wall depend on in-situ 
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measurement or building norms. Although the coefficients used remain the same for each 
derived model in this study, the analysis takes these values into account within the 
estimating equation. Therefore, the entire form of the adopted equation is shown as:
R = Rout + ∑ Ri + ∑{1/∑(1/Rjk)} + Ra + Rin (3-4)
where Rout and Rin are the inverse values of the heat transfer coefficients in the outside and 
inside of the wall, respectively.
Based on these theories and equations, this LCA study calculates the thermal resistance of 
various walls and quantitatively determines the thermal behaviour of the envelopes. Among 
a variety of investigated walls, their profiles can be adjusted in order to achieve the same R-
value.
The thermal conductivity of the associated material is listed in Table 3.9. The heat transfer 
coefficients are set as 27 and 9 W/m2·ºK for the outer and inner surfaces, respectively.
Table 3.9 Thermal conductivity of associated material 1)
Material Thermal conductivity Notation
Wood, massive element 0.12 W/m·°K D = 500 kg/m3
Brick 0.60 W/m·°K D = 1,600 kg/m3
Mortar, as binder for brick 0.48 W/m·°K D = 1,400 kg/m3
Plaster, as covering material 0.48 W/m·°K D = 1,400 kg/m3
Clay, at mine, as daub 0.18 W/m·°K D = 1,300 kg/m3
Bamboo 0.12 W/m·°K D = 150 kg/m3
Fibreboard, hardwood 0.20 W/m·°K D = 600 kg/m3
Cellulose fibre, as insulating material 0.03 W/m·°K D = 50 kg/m3
Concrete 0.70 W/m·°K D = 2,250 kg/m3
Reinforcing steel bar 300.00 W/m·°K D = 7,600 kg/m3
Glass, as window, u = 1.1 W/m2·°K -- 2) W/m·°K D = 2,600 kg/m3
1) Various material properties are mainly taken from [141].
2) Glass is used for windows and given a definite U-value. Thus, it is not 
necessary to consider its conductivity.
3.3.2 Profiles of Various Walls
The first step in the modelling is to determine a feasible master structure for installing the 
prototypes of the walls. This structure has to be simple, definite and abstract in order to 
ensure that the overall thermal outcome of each model remains as equivalent as possible 
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when the envelopes’ thermal inertia is set the same. Extremely complicated forms may lead 
to a coupling effect with a particular material and result in divergent or unexpected results 
for the thermal behaviour. Meanwhile, the master structure must be suitable for applying all 
the derived wall assemblies, in spite of some extraordinary profiles of the envelopes.
Based on the criteria stated above, a two-storey and post-and-beam system building is 
chosen as the master construction. Some regular openings formed by columns and beams 
are available for installing the walls. In this simulation, 50% of the available facade is 
installed with various outer walls and the other 50% is intended for equipping windows, 
which are simply represented by glass-based products. The building’s structural skeleton is 
delineated as shown in Figure 3.11.
Figure 3.11 Frame building with openings for walls and windows
Five types of wall assembly are investigated: a massive wooden wall, brick wall, wattle-and-
daub, composite wooden board and RC wall. The profile of each envelope is depicted in 
Figures 3.12 to 3.15.
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Figure 3.12 Wall - massive wood Figure 3.13 Wall - brick
The massive wooden wall comprises solid timber elements. In this simulated model, no 
covering material is applied on the two surfaces. The brick wall consists of bricks, with 
mortar between the bricks and plaster protection on both sides of the wall. The brick 
assembly is depicted in Figure 3.13. Wattle-and-daub is a traditional envelope mainly 
composed of clay and wattled bamboo. Here, the wattle-and-daub wall has a plaster 
covering on both the outer and inner surfaces as well. The composite wooden panel refers 
to the board element of timber structures. This light-framed construction comprises a couple 
of layers and components as illustrated in Figure 3.14. The RC wall is made of concrete and 
reinforcing steel bar (re-bar).
Figure 3.14 Wall - board element Figure 3.15 Wall - RC
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In order to develop models with similar thermal behaviour, the thickness of the outer walls 
has to be appropriately adjusted. The dimensions of the column of the master building is ca. 
12cm*12cm. The U-value of this wooden component is 1.0 W/m2·°K. Thus, the infilled outer 
wall should possess a U-value of 1.0 as well. In this way, the thermal resistance of the 
envelopes, including the skeleton and infilled wall, on the four sides of each construction 
remains equal, at about 1.0 m2·°K/W.
As far as the timber wall is concerned, the thickness is 12 cm, the same as the column. The 
brick wall consists of a brick body with a thickness of 52.8 cm and a 2cm-thick plaster 
covering on both sides. In the wattle-and-daub wall, the adobe part is ca. 14 cm thick and 
the bamboo layer is 2 cm. Plaster protection is applied on both surfaces of the adobe body. 
The composite wooden panel is mainly composed of wooden studs, whose cross-section is 
6cm*8cm, and hardwood fibreboard on the outer and inner sides of a series of wooden 
posts. In this assembly, cellulose fibre is installed as insulating material within the wall. Both 
the outer and inner fibreboards are 2 cm thick. The concrete wall has an extraordinary 
profile, whose overall thickness is 70 cm. This extreme dimension is due to the relatively 
high thermal conductivity of concrete. The quantity of re-bar is assumed to be 160 kg per 
cubic meter of reinforced concrete.
A sophisticated roofing system is not taken into account in this simulation. Basically, the roof 
plays the role of thermal insulation. With regard to the complexity and discrepancy of 
thermal behaviour in the whole construction, however, the roofing system is eliminated 
from the modelling and testing. Since the roof’s functionality is different from the 
mechanism of the vertical envelopes, the ceiling is excluded in order to emphasise the 
single functional basis of the simulation and to assure the divergence of calculation.
3.3.3 Complementary Instruction and Statement for Comparison
Thermal behaviour has a variety of meanings and can be represented by numerous 
indicators. In this simulation framework, however, the thermal behaviour simply means the 
thermal resistance of the building envelope. This simplification allows us to focus on the 
correlation between a sole functional indicator and the LCA result, without interference from 
other factors.
As far as the brick wall is concerned, the thickness is considered to be non-consecutive, due 
to the tectonic profile and characteristics of the masonry structure. In this modelling, 
however, the thickness is assumed to be able to adjust on a continuous scale. The 
dimension of the mortar between the bricks can be varied linearly along with the brick part. 
This hypothesis allows us to devise an adaptable and compatible brick-based assembly.
In the RC wall, this modelling applies an extraordinary dimension and assesses the quantity 
of re-bar with a constant ratio. In practice, however, the amount of re-bar does not always 
vary proportionally with the concrete. When the overall thickness rises, the volume of the re-
bar may not always increase simultaneously. Nevertheless, this testing assumes a certain 
proportion for the re-bar and estimates its quantity by this percentage. Since the RC walls 
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here are not primary structural elements, the ratio adopted is not as much as the value used 
in Ch.3.2. This evaluation task applies a lower proportion compared to the previous section.
3.3.4 Setup and Input in SimaPro
Table 3.10 Selected processes in SimaPro for diverse products and techniques
Processes in SimaPro Realistic products and services
Sawn timber, softwood, planed, air dried, at plant / 
PER U
Sawn timber
Sawn timber, softwood, planed, air dried, at plant / 
PER U (100%)
Sawn timber, hardwood, planed, air / kiln dried, 
u=10%, at plant / PER U (2%)
Stack-of-plank, with wooden 
dowel
Glued laminated timber, outdoor use, at plant / 
PER U
Cross-laminated timber or glulam
Brick, at plant / PER U Brick
Cement mortar, at plant / CH U Mortar, as binder
Base plaster, at plant / CH U Plaster, as covering material
Clay, at mine / CH U Adobe wall
Glazing, double (2-IV), u<1.1W/m2·°K, at plant / 
PER U
Glass-based window
Fibreboard, hardwood, at plant / PER U Hardwood fibreboard
Cellulose fibre, inclusive blowing in, at plant / CH U Insulation material
Concrete, normal, at plant / CH U Concrete
Reinforcing steel, at plant / PER U Re-bar
Diesel, burned in building machine / GLO U Constructing energy
The relevant materials, products and techniques for this LCA study are listed in Table 3.10. 
Basically, most materials and associated processes in SimaPro remain the same as the 
setup of Ch.3.2, e.g. the structural materials and the mechanical energy for erection. Mineral 
materials are additionally involved in this appraisal and their setups are also shown in the list. 
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Due to the lack of a feasible programming option for the bamboo, this simulation uses 
softwood to represent this natural and fibrous material. In practice, some wattle-and-daub 
walls in Central Europe are composed of clay and wooden strips, rather than the rarely 
available bamboo. Therefore, wood-based material is representative of bamboo wattle. The 
energy demand for construction is equal to the simulation of Ch.3.2, inclusive of the 
corresponding choices in the program, input values and the means for the sensitivity test.
Table 3.11 Disposal scenario of various products
Material Allocation Distance Associated process Amount
Wood (recovery) 90% recover 150 km Sawing for dismantling hr
10% reuse Energy for re-producing 1) MJ
Transportation tkm
Wood (reuse) 10% recover 150 km Sawing for dismantling hr
90% reuse Energy for re-producing 1) MJ
Transportation tkm
Steel & Re-bar 99% reuse 150 km Steel manufacturing kg
1% landfill Transportation tkm
Concrete 30% reuse 20 km Energy for aggregate 1) MJ
70% landfill Energy for cement 1) MJ
Mixing kg
Transportation tkm
Mortar, Clay & Plaster 0% reuse 20 km Transportation tkm
100% landfill
Glass 85% reuse 50 km Transportation tkm
15% landfill
other materials 2) -- -- --
1) This energy refers to the industrial power, including only the fossil 
fuel energy and exclusive of general electricity production. The 
applied power plants and their allocation are described in the text.
2) Due to the lack of explicit statistic data, insulating cellulose is not 
taken into account for recycling.
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With regard to the recycling, this study applies specific processes and parameters for the 
associated materials, products or techniques individually. Each material or product consists 
of a distinct scenario about treatments after the end-of-life. Some factors have to be 
determined qualitatively and quantitatively in order to analyse the implications due to the 
disposal, including the reuse rate, transportation distance and the magnitude or quantity of 
the required processes. The related products for C&DW are listed in Table 3.11.
In order to re-produce or deal with recycled materials, industrial energy is used for the 
required processes. Nowadays, the generally used power resources comprise industrial 
furnaces fuelled by coal, natural gas and petroleum oil. Most energy-intensive industrial 
power plants use these fossil fuels. Each manufacturer or factory may adopt a specific 
power plant for its processes. For converged and restricted appraisal, however, the 
simulation assumes that only these three fossil fuel resources are used by the various 
industries and producers, without alternative power sources such as wind farms or biofuels. 
On this assumption, the energy demand has to be allocated proportionally between these 
three mechanical energy generators. The assignment of these proportions is based on the 
energy consumption statement for Germany in 2010 [24]. According to this statement, coal, 
natural gas and petroleum oil account for 29%, 28% and 43% of the fossil-fuel-based 
energy, respectively. Although the energy statement reflects the overall energy 
requirement, which goes beyond industrial consumption, its calculations can be used to 
predict the industrial energy demand or supply. The mechanical energy resources and their 
corresponding processes in SimaPro are shown in Table 3.12.
On the other hand, recovering wood-based products can produce energy in the form of 
biomass. Although it should be added to the specific power plant of the individual 
manufacturer or factory, the recovered biomass is distributed among the three industrial 
energy resources, in the proportions mentioned previously. The generated biomass can be 
allocated to these power resources and reduce the consumption of fossil fuel energy. With 
regard to the recovery efficiency, the modelling assumes that recovering one kilogram of 
wood, generally by means of incineration, can generate 5 MJ of energy [105]. In other 
words, recovering one cubic meter of timber results in 2,500 MJ biomass, when the density 
of wood is set as 500 kg/m3. Based on this assumption, the simulated result allows us to 
assess the balance of fossil fuels in the building industry. The effect of taking advantage of 
wood residues can be determined.
Besides the mechanical energy, the associated techniques used for disposal as well as their 
corresponding inputs in SimaPro are listed in Table 3.12. For a congruous setup, the means 
of transport comprise different options for the various building materials.
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Table 3.12 Disposal scenario and associated setups in SimaPro 
Processes in SimaPro Recycling processes
Heat, at hard coal industrial furnace 1-10MW / 
PER U
Energy - coal
Heat, natural gas, at industrial furnace >100kW / 
PER U
Energy - natural gas
Heat, heavy fuel oil, at industrial furnace 1MW / 
PER U
Energy - petroleum oil
Power sawing, without catalytic converter / PER U Sawing
Transport, lorry >16t, fleet average / PER U Transportation for wood
Steel product manufacturing, average metal 
working / PER U
Steel making
Transport, lorry >16t, fleet average / PER U Transportation for steel
Plaster mixing / CH U Mixing, for concrete
Transport, lorry 20-28t, fleet average / CH U Transportation for mineral 
material *
* Mineral material comprises concrete, brick, mortar, plaster, clay and glass.
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3.4 SEISMIC BEHAVIOUR
This section of the LCA study aims to evaluate and compare the environmental implications 
of various construction materials. The contribution of recycling is integrated into the overall 
appraisal. The comparison is focused on the ecological outcomes of alternative building 
materials in the form of structural entities with equivalent seismic characteristics. The result 
makes it possible to quantify the ecological performance of commonly used materials in the 
building sector.
The assessment first develops alternative multi-storey building models made of timber, steel 
and reinforced concrete (RC). These constructional prototypes have consistent profiles and 
forms and derive from a specific functional basis. Here, seismic behaviour is adopted as the 
fundamental prerequisite to design the constructions. Given different dimensions and 
profiles, these constructional models are designed with equivalent horizontal stiffness 
against earthquakes. By means of these structural models, the material inventory of each 
multi-storey building is compiled. Then, the disposal scenario after the end-of-life is 
connected and imposed on each material individually. The life cycle impacts can be 
quantitatively and comprehensively analysed according to these data. The estimation result 
qualitatively demonstrates the sustainability of multi-storey structures in terms of energy 
consumption and greenhouse gas emissions.
Since the appraisal is focused on multi-storey buildings, the results help to explain the 
environmental performance of the houses adapted for an urban context. Therefore, the 
results provide a basis for considering the ecological solution for a settlement.
3.4.1 Earthquake and Associated Prediction Formula
Seismic behaviour is the functional prerequisite to develop a constructional model. In this 
appraisal, the horizontal stiffness against earthquakes, i.e. the ratio of horizontal 
displacement to building height indicates the seismic behaviour of a house. To evaluate the 
deformation, this simulation task requires a specific prediction formula.
The seismic equation for Taiwan is used for the calculation in this LCA framework [29]. This 
prediction equation has certain advantages in terms of seismic modelling:
1. This equation comprises essential and influential factors associated with a building, 
including materials, forms and geological conditions of building sites. Such a comprehensive 
mathematic model takes multiple parameters into account.
2. Derived and developed in Taiwan and Japan, this equation is feasible for multi-storey 
buildings, which account for the majority of the houses located in densely inhabited areas. 
Intended for such an environment and purpose, this formula is suitable for the simulation of 
the mid-rise buildings in this LCA study.
3. This equation has been developed and modified since at least 2000 with regard to realistic 
seismic circumstances. Its suitability for estimating the seismic performance of buildings in 
seismic-prone areas is confirmed based on seismic theory and practical engineering.
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Owing to these prerequisites, this simulation task applies the seismic formula from Taiwan. 
The mathematic model is shown as:
Fh = (SaD · I / 1.4 · αy · Fu) · W (3-5)
where Fh denotes the static horizontal force derived from the earthquake, SaD is the ground 
acceleration of the building site, I-value refers to the functionality and the seismic hierarchy 
of the construction, 1.4 is a constant in the formula, αy denotes the amplification factor 
related to the building material and its design method, Fu refers to the reduction coefficient 
associated with the structural system, especially its ductility, and W is the self-weight of the 
whole structure, i.e. the dead load of the construction [29].
In aggregate, this formula serves to transform the seismic impact into static and horizontal 
load, which is in the form of a linear correlation to the self-weight. The overall calculated 
consequence of SaD, I-value, αy, Fu and the constant is the linear coefficient for the two 
factors, i.e. Fh and W.
Within this equation, some parameters are essential and vary significantly for the modelling, 
while some factors are approximately equal for the simulation. For example, SaD and I-value 
are less critical in this evaluation and can simply take a general value for developing the 
building models, since all the models are located in the same place and assigned the same 
functionality. By contrast, αy and Fu are influential and vary considerably with the building 
materials. Thus, only αy and Fu are discussed in detail and selected for the analysis.
Defined as the amplification coefficient of yield stress due to seismic attack, αy varies with 
the building material and the design method used. When a structure experiences an 
earthquake, the stress caused by this seismic impact must be multiplied by this 
amplification coefficient. Then, the sum of both stresses due to static loads and the 
earthquake should be less than the yielding stress of the material. According to the seismic 
design code of Taiwan, the coefficients for common steel and RC construction are 1.2 and 
1.5, respectively. As a flexible material like steel, the wooden structure is given an αy of 1.2, 
the same as the steel construction.
Fu is the reduction coefficient derived from the structural system as well as its ductility 
capacity. The entire estimation for Fu is rather complicated, since the calculation of ductility 
has to take the frequency of a building into account. In this modelling, however, the 
appraisal is simplified and some generally used parameters are applied for particular 
materials. Normally, a steel construction may take the Fu of 3.0, which is attributed to the 
characteristics of the steel in the structural system. An RC construction may be given an Fu 
of 2.0, due to the lower ductility of concrete. Based on its flexibility, a timber construction 
can have a considerably higher Fu than rigid materials. For conservative evaluation, this 
modelling framework adopts an Fu of 3.0, which is equivalent to the input for steel.
The I-value derives from the functionality of the building and comprises four hierarchies, 
including 1.5, 1.5, 1.25 and 1.0. The more important or critical the building is, the higher I-
value is applied. According to the seismic code, housing is categorised in the fourth level, 
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whose value is 1.0. Therefore, the three models here are given the same I-value of 1.0. SaD 
is calculated using complicated appraisal procedures and basically depends on the location 
and its specific geological condition. In practice, the seismic code in Taiwan has determined 
a series of SaD values for substantially all districts. Intended for seismic-prone areas, these 
values are relatively high, ranging from 0.3 to 1.0. The area next to a fault is allocated a high 
SaD, e.g. 0.9 or 1.0, while lower values are used for ordinary districts. In addition to the 
distance to a fault, the condition and quality of the ground at the building site influence the 
determination of SaD. In this simulation, the chosen SaD value remains the same for each 
constructional model. For our analyses, this assessment adopts 0.8, which indicates an 
intermediate magnitude.
All the parameters for the three structures are quantitatively determined. Based on these 
decisions, the overall coefficient between the self-weight of a building and its horizontal 
impact due to earthquake can be defined, as shown as the last column in Table 3.13. Given 
the definite constructional model, which demonstrates the necessary tectonic information 
such as the material use, the dimensions of elements and the structural system, this 
coefficient contributes to transforming the seismic attack into a static load and to predicting 
the horizontal force. This horizontal load is imposed on the building in the form of an inverse 
triangle, as illustrated in Figure 3.16. In this way, the maximum horizontal displacement of 
the construction, which generally occurs at the top, can be estimated by structural 
calculation. The ratio of horizontal deformation to building height refers to the construction’s 
stiffness against earthquake, i.e. the d/H in Figure 3.16.
Figure 3.16 Diagram for seismic equation
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Table 3.13 Parameters for seismic equation and estimation
Structural Model SaD I αy Fu Overall
Timber structure 0.8 1.0 1.2 3.0 0.1587
Steel construction 0.8 1.0 1.2 3.0 0.1587
Reinforced concrete 0.8 1.0 1.5 2.0 0.1905
By modifying the dimensions of the structural elements, the maximum horizontal 
displacement of each structure can be adjusted to be equal. In this condition, the simulation 
recognises that the developed building models possess the same seismic behaviour. Finally, 
the material inventory can be established based on these structural models.
Depending on such hypotheses, these models are composed of various materials and 
theoretically calculated from a congruent functional indicator. Simplification of the evaluation 
procedures helps to emphasise the correlation between material properties and the ultimate 
life cycle impact appraisal.
3.4.2 Prototypes Composed of Diverse Materials
The modelling task has to determine a feasible prototype structure in order to develop 
building models made of timber, steel and concrete, respectively. This prototype building 
must fulfill certain criteria for modelling and sequential estimation:
1. Multi-storey house, to be consistent with the purpose of this comparative LCA;
2. A generally applicable constructional profile, which is structurally rational and suitable for 
various materials;
3. Explicit and simple structural system, which makes it possible for the entire structure to 
be divided into definite hierarchies and then to substitute the components distinctly; 
4. Concise and abstract form, which reduces the discrepancies when developing alternative 
models and reduces the complexity for applying the seismic equation.
Except for the first prerequisite, the other three principles are similar to the requirements for 
the evaluation in Ch.3.2 and 3.3, as described in those sections. These principles for sifting 
prototypes helps to develop constructional models that are reasonable and applicable. 
Setting strict criteria ensures mutual rationality for comparative study and individual 
compatibility for particular structures. Both the establishment of the model and the impact 
assessment are based on a consistent and competent foundation. With regard to these 
demands, a mid-rise building with a post-and-beam frame is an appropriate solution for 
modelling.
In order to fulfill the four criteria as completely as possible, a 7-storey building located in 
Berlin, Germany, is chosen as the benchmark structure. The plane, elevation and overall 
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appearance of this building are delineated in Figures 3.17 to 3.19. In addition, some photos 
of the primary elements illustrate the tectonic profile as well as the structural system of the 
prototype building. Although the components depicted are made of timber, the dimensions 
and the overall tectonic profile of these elements are compatible with other materials like 
steel and concrete. Meanwhile, the constructional information is shown in Table 3.14.
Figure 3.17 Plane of prototype structure
Figure 3.18 Elevation Figure 3.19 Perspective
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Figure 3.20 Structural system Figure 3.21 Structural profile
Table 3.14 Constructional information on the 7-storey building in Berlin, Germany
Basic information
Function Office + Housing
Completed Year 2009
Location Esmarchstraße 3, 10407 Berlin, Germany
Building description
Floor area 1,083 m3 (wooden part)
Height ca. 22 m
Construction
Column & Beam Stack-of-plank
Floor Wood-and-concrete compound
Centre Rigid structure made of RC, with connecting system to the 
frame
Spatial bracing Diagonal bracing made of steel plate
This solid post-and-beam system is structurally feasible for the constructions investigated in 
this assessment. Three building materials can be established appropriately in the form of 
such design strategies.
Some reduction and modification are necessary for consistent modelling and the 
subsequent LCA comparison. Firstly, only the structural skeleton is included in the system 
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boundary of the impact assessment. The secondary structure and non-structural elements 
are excluded from the research scope. For example, the infilling wall, diagonal bracing and 
flooring system are not included in this evaluation. Only the post-and-beam frame and the 
vertical core in the centre of the building are retained for estimation. Secondly, the staircase 
is excluded from the appraisal framework. The external staircase is composed of reinforced 
concrete and functions as an auxiliary structure. Eliminating this external construction results 
in an abstract research object and restricts the study focus to the skeleton. Furthermore, the 
rigid vertical core in the centre of the plane has to apply alternative profiles for the various 
building models. The timber model applies a totally wood-based system for this rigid part 
and its connecting elements to the main frame. Although irregular, this strategy leads to a 
model composed as completely as possible of timber products. On the other hand, both the 
steel and RC construction models adopt the original form and profile of the rigid core, which 
is made of reinforced concrete and has the same dimensions. Finally, the three buildings are 
constructed as illustrated in Figure 3.22.
Timber building Steel construction RC construction
Figure 3.22 Diverse constructional prototypes
This drawing depicts only the macroscopic appearance of the three prototypes. As far as the 
cross-section is concerned, however, some modification is inevitably necessary for a 
reasonable design. In practice, the steel construction may not use solid elements as the 
timber or RC structure does. Therefore, this modelling has to conceive an alternative 
solution to the steel construction, such as box-shaped or I-shaped elements. In the steel 
model, the vertical elements are assigned a box-shaped cross-section, while the horizontal 
components are substituted by an I-beam. The cross-sections of the columns and beam in 
the steel construction are delineated as in Figure 3.23.
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Column 1 Column 2 Beam - short Beam - long
Figure 3.23 Shaped profile of steel construction 
As far as the RC construction is concerned, the quantity of re-bar has to be hypothetically 
and proportionally determined, in addition to the volume of concrete. As described and 
illustrated in sections 3.2 and 3.3, re-bar accounts for approximately 2.4% of the total 
structural RC components. Utilised for structural purposes, all the RC components of the 
model adopt this ratio to estimate the amount of re-bar. Meanwhile, the steel construction 
consists of a rigid core made of RC in the centre as well. This part applies an equivalent 
proportion to evaluate its reinforcing steel.
3.4.3 Complementary Instruction and Statement for Comparison
The derived models serve to compare the environmental implications of various 
constructions based on consistent functional prerequisites. During modelling and estimation, 
however, some compromises and limits are essential for carrying out the entire LCA.
In spite of consideration of both their material properties and practical engineering, these 
models do not demonstrate the only solution for the associated building materials. For 
example, the cross-section and profile of the steel elements can be further adjusted and 
optimised. The thickness of the plate, the proportion of the shaped profile and the means of 
reinforcement comprise various options to address similar requirements. Furthermore, the 
conceived assemblies, details and dimensions do not ensure the optimal strategy. For 
instance, the dimensions of the RC beam do not ensure the most efficient design in terms 
of multiple requirements. Among numerous alternative means to design steel components, 
the conceived shaped profiles in this modelling do not guarantee the optimum system, with 
regard to each single factor.
The derived prototype structures cannot fulfill all building codes or norms in terms of 
completely sufficient and adequate solutions. On the contrary, the design of the steel and 
RC models involves some compromises in order to remain congruent with the timber 
building in terms of structural forms. Developed from particular design concepts or norms, 
the steel and RC models could assume different profiles and achieve better performance 
than the current schemes. Nevertheless, the prototypes devised and their sequential 
modifications embody adaptive solutions for the comparative LCA of diverse constructions. 
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The three structural prototypes together provide a robust basis for a consistent sustainability 
comparison.
As far as the seismic equation is concerned, the entire estimation involves various 
parameters and a subsequent complex calculation. In practice, the procedures for deriving 
some parameters are very complicated, especially for high-rise buildings. For determining 
the seismic impact for the conceived prototypes, however, this modelling has simplified the 
evaluation process. The need for detailed consideration of the theory and practical 
application has been reduced. In particular, the parameters that are designed to be 
equivalent for each prototype apply general values and do not need to be discussed in detail. 
In spite of this simplification, the estimation makes it possible to sufficiently evaluate the 
horizontal load and displacement due to seismic attack.
In terms of complete structural behaviour, the appraisal has to take various factors into 
account, including dead load, live load, wind and so on. The impact due to earthquake is just 
one part of the whole estimation. In order to determine the correlation explicitly, however, 
this assessment analyses exclusively the consequence of seismic characteristics. Stress, 
strain and other critical potentials caused by other loads are not included in the prediction. 
Instead, the prediction is focused on formulating the coefficient between the material 
properties and seismic behaviour, i.e. the ultimate deformation of the construction. 
Nevertheless, such a calculation allows us to quantify the correlation of the LCA results and 
the seismic performance of a building. Since the material properties and structural system 
are integrated and adequately reflected, this appraisal defines clearly the quantitative 
connection between environmental implications and building materials.
3.4.4 Setup and Input in SimaPro
The constructional products and techniques adopted for this assessment are listed in Table 
3.8 in Ch. 3.2.4. The processes chosen from the Ecoinvent database are essentially equal to 
those in former sections. Meanwhile, the energy consumption for the construction phase is 
taken into account. The values applied for the various constructions as well as the 
subsequent sensitivity test remain the same as in previous studies.
The recycling scenario is analysed in this appraisal, including its impact and feedback for the 
whole implication. This study uses a distinctive disposal scenario for each individual 
structural material. The burden arising from the necessary treatments and the contribution 
from reuse are integrated into the entire LCA. The related processes for dealing with 
specific C&DW are listed accordingly in Table 3.11 in Ch. 3.3.4.
With regard to wooden products, two allocating scenarios are analysed to assess the effect 
of different modes. One scenario assumes that 10% wood-based product is simply reused 
for second-hand utilisation and 90% is incinerated to produce industrial energy. The other 
scenario adopts a contrary framework, where the reuse rate is 90% and the recovered part 
accounts for 10%. The alternative scenarios make it possible to evaluate the consequences 
of different disposal strategies. Currently, there is little definite statistical data about the 
reuse of wood. Due to the lack of reliable and practical reference, the estimation task 
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presumes two extreme hypotheses to amplify the consequences of both strategies. In 
practice, the recycling scenario for timber products depends enormously on the domestic 
industrial situation and the solutions available. The transportation distance for wood-based 
C&DW is set as 150 km. This relatively high value is based on there being few suppliers of 
timber and few dealers in recycled wood. In spite of the shorter transportation distances 
raised by other research [116], this evaluation adopts this higher value for a conservative 
appraisal.
As far as steel is concerned, the most influential factors are the re-producing process and 
the associated transportation. Theoretically, steel products can be almost 100% reused. In 
practice, the recycling rate is reported as approximately 60%, while the deviation can be 
high in different districts. In order to evaluate the effect of recycling steel, this estimation 
presumes that 99% of the scrap steel is reused through re-producing and 1% is abandoned 
as waste. According to [83], recycling steel-based products saves about 36% of energy 
compared to raw steel. Thus, this study applies a 60% steel manufacturing quantity for the 
recycled steel. Such a setup reflects a scenario where the steel-making process for recycled 
steel consumes 60% of the energy of virgin steel. In addition to steel-making, this 
assessment adopts a transportation distance of 150 km for delivering scrap steel. Both 
recycled and abandoned steel need such transportation in order to send them to dealers and 
landfill, respectively. The reinforcing steel, which is used in RC construction, is assigned the 
same disposal scenario and data.
The disposal scenario for concrete is complicated due to the large number of processes 
required. Basically, these processes comprise four categories: 1. energy for retrieving 
aggregates; 2. energy for preparing cement; 3. mixing; and 4. transportation. Among these, 
this simulation has to apply some hypotheses in order to determine the energy depletion 
due to cement preparation and retrieval of aggregates, which are critical divisions for 
concrete.
With regard to the reuse of concrete, only the aggregates in this compound material are 
useful. Unlike wood and steel, which can be totally reused, only a part of concrete can be 
recycled. Thus, the first step is to retrieve the gravels from the concrete, which requires a 
considerable amount of fossil fuel energy. Based on a study by EPA [133], recovering 1m3 of 
aggregates needs 98 MJ. Meanwhile, 1m3 of concrete comprises approximately 0.9 m3 of 
applicable gravels. This means that dealing with 1m3 recycled concrete may produce 0.9 m3 
of gravels and take about 88 MJ of energy. As described before, this simulation applies 
three sorts of mechanical fossil fuel, i.e. power plants using hard coal, natural gas and 
petroleum oil. The quantity consumed is allocated between the three power generators in 
proportions of 29%, 28% and 43% for coal, natural gas and petroleum oil, respectively [24]. 
Besides aggregates, cement accounts for a significant proportion when producing concrete. 
In order to reproduce the same volume of concrete from these retrieved aggregates, this 
simulation assumes that 300 kg of cement is required for hydration, which is the general 
amount in normal concrete. According to [57], producing 300 kg of cement takes 78 MJ of 
energy. This energy is also taken into account for re-producing concrete. Furthermore, in 
order to prepare ready-made concrete for utilisation, mixing is necessary to blend the gravel, 
sand, cement and water. Finally, specific transportation is involved in the procedures 
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associated with recycling concrete. This estimation adopts the distance of 20 km for 
transporting the whole of the abandoned concrete. Although some unusable parts of 
recycled concrete are destined for landfill, the complete contents of concrete are assumed 
to go through such delivery. The associated treatments for recycling diverse materials and 
their corresponding processes in SimaPro are shown in Table 3.12 in Ch. 3.3.4.
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4 RESULTS AND CONSEQUENCES
This chapter aims to show the analytical results of the assessment presented in the third 
chapter. The appraisal results of important environmental impact indicators are concretely 
shown by means of a series of charts.
Among numerous environmental indicators contained in various frameworks, fossil fuel 
energy depletion and global warming potential (GWP) are the subjects of greatest concern 
[116],[139]. This chapter mainly presents and discusses the evaluated results of these 
indicators. Besides, the contributions of associated processes are quantitatively shown in 
order to elucidate the critical factors that influence the entire outcomes. The purpose is to 
find out decisive processes during the investigated life cycles. Furthermore, some 
environmental or construction issues are concurrently discussed when their margins are 
very influential.
Based on these requirements, the four sections within this chapter demonstrate the 
subjects referred to and comprise substantially equal frameworks.
As far as the methods are concerned, CML and Eco-Indicator 99 are applied for the impact 
assessment in the entire study here. These methods are generally used among relevant 
LCA studies and are composed of well constructed environmental impact categories, 
including reliable ways to calculate the results. The contained impact categories are widely 
recognised for environmental evaluation and possess authenticated procedures for the 
estimation. Choosing these methods allows ecological consequences that are comparable 
with other researches to be determined. Although there are numerous categories, the four 
LCA studies in this dissertation are focused on the themes of climate change and fossil fuel 
depletion.
Eco-Indicator 99 consists of three different concepts to assess the ecological impacts, that 
is, individualist, egalitarian, and hierarchist versions [43]. Each version refers to individual 
ways of weighting and calculating. For comprehensive estimation and comparison, this 
appraisal collectively applies these three versions to carry out the environmental 
assessment. Compared to the CML method, Eco-Indicator 99 carries out the analysis by 
means of a specific framework and displays results in particular units. While the results of 
the CML method are in the form of commonly perceivable units, such as the kilogram, the 
Eco-Indicator 99 adopts abstract and distinct scales, like DALY and PDF*m2yr, to show 
damage-oriented outcomes. Basically, this study applies the results of the CML method to 
analyse and discuss the environmental impacts. Nevertheless, Eco-Indicator 99’s results are 
also decisive and contribute to verifying the tendency of CML’s results.
In terms of energy consumption, only Eco-Indicator 99 comprises a feasible indicator that 
can estimate the magnitude. Thus, this indicator is adopted to compare the initial embodied 
energy of the investigated constructions. Although not exactly the same as the widely 
known energy depletion, the outcome of this method is a reliable measure to evaluate the 
surplus requirement. Despite its scientific and theoretic basis, this indicator plays the role of 
a practical index to elucidate the energy consumption. The results derived from two 
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versions, that is, the egalitarian and hierarchist concepts, are referred to and used for 
comparison.
4.1 TWENTY-FOUR MULTI-STOREY TIMBER BUILDINGS
This section of LCA aims to evaluate the environmental efficiency of the chosen multi-storey 
timber buildings, which comprise 24 cases in total. The ecological outcomes are 
quantitatively shown in order to demonstrate the sustainability of various timber structures. 
The categorisation of the structural system is based on the methods presented in Ch. 3.1 
and makes it possible to reveal the environmental burden caused by each type of wooden 
building. While the previous chapter classifies the timber houses into three types, this 
section further distinguishes the inspected building samples into four groups. This appraisal 
carefully divides the compound structures into:
1. wood-based compound constructions;
2. composite constructions with other structural materials.
The wood-based compound refers to a wooden building that applies only timber for primary 
structural parts and comprises multiple inferior structural systems, such as boards and post-
and-beam. On the other hand, the composite construction is a timber building that contains 
a significant amount of other structural materials like steel and concrete. According to this 
categorisation method, cases 4, 6, 8, and 24 are classified as wood-based compounds, while 
cases 3, 16, 17, and 23 are defined as composite constructions made of various materials. 
The difference between these two systems can be referred in Table 2.2 in Ch. 2.1.3.
With such deeper categorisation, the 24 investigated wooden buildings consist of four 
systems, that is, board system, post-and-beam system, wood-based compound, and 
composite construction with other materials. Mean values and standard deviations of impact 
assessments of the four systems are calculated to demonstrate the ecological performance 
as well as its inner discrepancy. With integral consideration of the engineered timber, both 
estimation outcomes contribute to a comparison of the magnitude and tendency of the 
constructions’ embodied implications.
4.1.1 GWP100 and Climate Change
The analysed consequences associated with climate change are shown in Table 4.1. Four 
sorts of indicators are displayed together for verification. For consistent comparison, the 
outcomes are presented using a congruent functional unit, that is, the estimated result per 
square metre of floor area. As shown in the last four columns of Table 4.1, all results are in 
the forms of negative values, which indicate positive influences on the GWP. The appraisal 
result refers to the mitigating effect for the GWP. The lower the value is, the greater the 
mitigating effect. Since wooden materials can store carbon from a life-cycle point of view, 
the application of wood-based products helps alleviate the impact of climate change due to 
building materials.
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Table 4.1 Climate change indicators for 24 building projects
No Building project Structural system GWP 1) C.ch.I 2)
(10-5)
C.ch.E 2) 
(10-5)
C.ch.H 2) 
(10-5)
1 Arlesheim, CH Board system -230 -4.5 -4.8 -4.8
2 Berlin, DE Post-and-beam -160 -3.2 -3.4 -3.4
3 Buchegg, CH Composite construction -170 -3.4 -3.6 -3.6
4 Lausanne, CH Wooden compound -560 -11.0 -11.7 -11.7
5 Freiburg, DE Board system -280 -5.7 -6.0 -6.0
6 Tour-de-Peilz, CH Wooden compound -250 -5.0 -5.3 -5.3
7 Brakel, DE Post-and-beam -170 -3.4 -3.6 -3.6
8 Windberg, DE Wooden compound -410 -8.3 -8.7 -8.7
9 Schaanwald, FL Board system -166 -3.3 -3.5 -3.5
11 Steinhausen, CH Board system -82 -1.6 -1.7 -1.7
15 Lugano, CH Board system -190 -3.8 -4.0 -4.0
16 Coldrerio, CH Composite construction -32 -6.4 -6.8 -6.8
17 Zollikofen, CH Composite construction -54 -1.1 -1.1 -1.1
18 Koeniz, CH Board system -101 -2.0 -2.1 -2.1
19 Givisiez, CH Post-and-beam -73 -1.5 -1.5 -1.5
20 Bulle, CH Board system -150 -3.0 -3.1 -3.1
21 Wil, CH Post-and-beam -96 -1.9 -2.0 -2.0
23 Ossingen, CH Composite construction -89 -1.8 -1.9 -1.9
24 Kemptthal, CH Wooden compound -110 -2.2 -2.3 -2.3
25 Grosswil, CH Board system -83 -1.7 -1.7 -1.7
26 Biel, CH Board system -110 -2.2 -2.3 -2.3
28 Zug, CH Board system -84 -1.7 -1.8 -1.8
30 Geneva, Ch Post-and-beam -107 -2.1 -2.3 -2.3
31 Gams, CH Post-and-beam -78 -1.6 -1.6 -1.6
1) Global warming potential 100. The unit is kg CO2-eq per m2.
2) Climate change. The I, E and H denote the individual, egalitarian 
and hierarchist version, respectively. The unit is DALY/m2, where, 
the DALY derives from ‘disability of adjusted life years.’
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The average results of the four structural systems of wooden buildings are listed in Table 
4.2. Among the four systems, the composite construction has the highest estimated result 
and leads to the lowest positive feedback for climate change. On the contrary, the wood-
based compound structure exhibits the most efficient performance in terms of GWP 
mitigation. Compared to composite construction, the wooden compound demonstrates 
approximately three times higher efficiency with regard to four indicators. As timber 
structures, the board system and post-and-beam system possess better alleviation 
performance than the composite system does; their performances are 32 and 71% better, 
respectively.
Table 4.2 Climate change indicators for four structural systems
Indicator Method Unit 1) Board P-&-B Comp.w2) Comp.o3)
GWP100 CML 2 baseline kg CO2-eq -147.0 -114.0 -330.0 -86.0
Climate 
change
Eco-Ind. 99 I/I DALY 4)
(10-5)
-3.0 -2.3 -6.6 -1.7
Climate 
change
Eco-Ind. 99 E/E DALY 4)
(10-5)
-3.1 -2.4 -7.0 1.8
Climate 
change
Eco-Ind. 99 H/A DALY 4)
(10-5)
-3.1 -2.4 -7.0 1.8
1) All units actually refer to the estimated result per square metre of floor area.
2) Wood-based compound constructions
3) Composite construction with other structural materials
4) The DALY denotes the abbreviation of ‘disability adjusted life years’, which 
means that diverse disabilities caused by diseases are weighted.
The deliberate comparison between the board, post-and-beam, and wood-based compound 
systems is worth considering, since its conclusion reflects the environmental implications of 
timber buildings. The wood-based compound possesses the best efficiency in terms of 
climate change mitigation; its analysed consequences are at least two times greater than 
the results for both board and post-and-beam systems. This is attributed to the enormous 
application of wooden products for structural elements. According to the material inventory, 
this system applies about 0.43 m3 of structural timber for 1 m2 of floor area (also referred to 
as the V/A ratio, which is presented in Ch. 3.1), including mainly sawn timber and stack-of-
plank. Among the four methods’ outcomes, the board system exhibits about 30% higher 
ameliorating efficiency than the post-and-beam system does. With regard to the overall 
amount of wooden components, however, both systems utilise approximately the same 
amount of timber for the primary structure. The V/A ratios are 0.20 and 0.18 m3/m2 for the 
board and post-and-beam systems, respectively. The difference of the applied quantity does 
not reflect the difference between the estimated results for climate change. This 
90
phenomenon can be attributed to the quality of the applied timber elements. As far as the 
board system is concerned, the primary structure utilises relatively more sawn timber or 
stack-of-plank rather than highly engineered timber like cross-laminated timber or glulam. 
Some boards have wooden components of small dimensions which can be manufactured by 
means of sawn timber. On the other hand, the post-and-beam system may need more 
sophisticated engineered timber, since its structural components have to allow a very high 
magnitude of loading. Sophisticated timber requires more industrial processes and reduces 
the overall climate change alleviation effect of wood.
The wood-based compound has greater mitigation performance depending on not only a 
sufficient quantity of timber elements but also on the efficient quality of carbon storage. 
According to the design drawings, these buildings utilise simple wooden components that 
require fewer refining techniques and decrease subsequent impacts. Even for the elements 
with huge span or on which considerable loadings are imposed, this system applies the 
stack-of-plank using wooden dowels for joining elements, instead of glue or metallic 
fasteners. Compared to energy-intensive connections such as glue or bolts, wooden dowels 
have lower embodied implication and allow the efficiency of the whole timber products to 
be retained. By choosing this sort of engineered timber, the wood-based compound 
demonstrates higher efficiency for ameliorating climate change.
The composite construction has the lowest V/A ratio: its mean value is less than 0.16 m3/m2. 
This is due to the application of alternative structural materials, which reduce the alleviation 
effect. The V/A indicator of the composite construction is about 80 and 89% of the ratios for 
the board and post-and-beam systems, respectively. Regarding the climate change appraisal, 
however, its performance result is only 60 and 75% of those of the board and post-and-
beam systems, respectively. This difference demonstrates that the utilisation of other 
materials reduces the climate change mitigation effect of the timber construction.
Figure 4.1 Tendency of climate change indicator
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The climate change indicators from the four methods are shown in Figure 4.1. In order to 
display four methods’ results in one chart, the consequences figured out by Eco-Indicator 99 
are multiplied by 107. A series of cluster bars verifies the congruent tendency for the 
appraisal associated with climate change.
4.1.2 Fossil Fuel Energy
Table 4.3 Fossil fuel consumption of 24 building projects
No. Building project Structural system Fossil Fuel (E) 1) Fossi Fuel (H) 2)
1 Arlesheim, CH Board system 23.0 30.0
2 Berlin, DE Post-and-beam 16.0 21.0
3 Buchegg, CH Composite construction 17.0 23.0
4 Lausanne, CH Wooden compound 65.0 88.0
5 Freiburg, DE Board system 28.0 38.0
6 Tour-de-Peilz, CH Wooden compound 25.0 34.0
7 Brakel, DE Post-and-beam 17.0 23.0
8 Meidendorf, DE Wooden compound 64.0 89.0
9 Schaanwald, FL Board system 16.4 22.0
11 Steinhausen, CH Board system 23.5 32.0
15 Lugano, CH Board system 35.0 48.0
16 Coldrerio, CH Composite construction 70.0 42.0
17 Zollikofen, CH Composite construction 72.0 47.0
18 Koeniz, CH Board system 13.3 18.0
19 Givisiez, CH Post-and-beam 12.7 17.0
20 Bulle, CH Board system 25.0 34.0
21 Wil, CH Post-and-beam 27.0 37.0
23 Ossingen, CH Composite construction 12.4 17.0
24 Kemptthal, CH Wooden compound 33.0 43.0
25 Grosswil, CH Board system 8.3 11.0
26 Biel, CH Board system 17.0 23.0
28 Zug, CH Board system 9.6 13.0
30 Geneva, Ch Post-and-beam 39.0 53.0
31 Gams, CH Post-and-beam 29.0 39.0
1) Fossil fuel energy of Egalitarian version of Eco-Indicator 99 
method. The unit is MJ surplus per square metre of floor area.
2) Fossil fuel energy of Hierarchist version of Eco-Indicator 99 
method. The unit is MJ surplus per square metre of floor area.
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The values of fossil fuel energy consumption of 24 building projects are listed in Table 4.3. 
The values in the last two columns actually refer to the fossil fuel consumption per square 
metre of floor area. The results derived from the two methods, the egalitarian and 
hierarchist versions of Eco-Indicator 99, are collectively displayed for mutual verification.
The appraisal results of some building projects are relatively low compared to the results of 
other studies. This phenomenon may be attributed to the following reasons:
1. Only the primary structure made of timber is considered in this assessment. Some 
structural parts made of other materials like RC staircases are eliminated from the system 
boundary, in spite of their structural importance.
2. The exclusion of building facilities and decorations leads to a significant decrease of the 
results of the evaluation. Installing the required facilities and equipment may consume a 
considerable amount of energy, which is not included in this evaluation.
3. The particular calculation method and weighting concept result in discrepant outcomes 
with regard to fossil fuel energy in this appraisal. The consequences do not remain 
completely consistent with the generally perceived energy demand for building materials.
Although the values calculated here differ from other studies’ results, these assessments 
provide a reliable indicator to compare the fossil fuel requirements of a variety of timber 
constructions. With complementary consideration of the adopted engineered timber, the 
energy demands can be quantitatively and adequately discussed in this section.
The mean values of fossil fuel depletion of four structural systems of timber constructions 
are shown in Table 4.4. The board system consumes the least fossil fuel energy in terms of 
both assessment methods. The post-and-beam system consumes approximately 17.8% 
more fossil fuels than the board system does and the outcomes from both versions reveal 
considerable consistency. The wood-based compound requires the largest amount of fossil 
fuels: about 134.5% more than the board system. Compared to the post-and-beam system, 
the wood-based compound needs approximately twice the quantity of energy. The fossil 
fuel consumption of the composite construction is less than that of the wood-based 
compound but apparently more than those of the board and post-and-beam systems.
Although the two assessment methods show a congruent tendency among the four 
structural systems, the analysed outcomes for the composite construction reveal a different 
outcome. As far as the first three systems are concerned, the analytical result of the 
hierarchist version is higher than that of the egalitarian one. With regard to the composite 
construction, however, the result of the hierarchist method is significantly lower than that of 
the egalitarian framework. Such a difference can be due to the weighting concept and 
method of estimation. Scrutinising and comparing the content and framework of both 
versions allows their essential difference to be found. According to the inventory, composite 
constructions apply a certain amount of steel. In the hierarchist version, the coal used for 
steel-making is seldom accounted for in the fossil fuel balance because of its lower 
weighting. Therefore, steel does not result in tremendous amount of surplus energy for 
composite constructions. Its impact is of a lower magnitude than commonly thought. 
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Nevertheless, such a deviation has not transgressed the tendency demonstrated by the 
egalitarian version of Eco-Indicator 99.
Table 4.4 Fossil fuel consumption of four structural systems
Indicator Method Unit 1) Board P-&-B Comp.w 2) Comp.o 3)
Fossil Fuel Eco-Ind. 99 E/E MJ surplus 20.0 23.0 47.0 43.0
Fossil Fuel Eco-Ind. 99 H/A MJ surplus 27.0 32.0 63.0 32.0
1) The overall unit is actually MJ surplus per square metre of floor area.
2) Wood-based compound constructions
3) Composite construction with other structural materials
The amount of wooden elements and the category of engineered timber influence the LCA 
results. The board and post-and-beam systems consist of approximately equivalent V/A 
ratios, which refer to similar quantities of structural timber. In terms of fossil fuel depletion, 
however, the appraisal consequence of the post-and-beam system is about 17.5% higher 
than that of the board system. This difference results from the larger amount of highly 
engineered timber used in the post-and-beam structures. As they are intended for intense 
loading circumstances, the structural components of the post-and-beam system tend to be 
made of glulam or cross-laminated timber, both of which are relatively energy-intensive. 
Compared to the board system, the wood-based compound utilises about 114.4% more 
structural timber. With regard to fossil fuel energy demand, the wood-based compound has 
approximately 134.5% higher consumption than the board system. This discrepancy is 
attributed to the processed timber products. Whereas the wood-based compound applies 
relatively simple timber elements like stack-of-plank, some buildings made using the board 
system utilise even smaller amounts of industrialised products such as slender lumber. For 
example, the panels of a two-by-four system are composed of wooden components with a 
smaller cross-section and lower capacity. This adoption of wood-based materials leads to a 
lower margin of embodied energy. In terms of structural capacity, however, these boards 
with simple finishes may not behave as efficiently as massive timber or stack-of-plank. 
Although they require less fossil fuel, some structures that are based on board systems do 
not demonstrate corresponding structural or building physics performances. Therefore, the 
relatively lower energy requirement does not refer to the overall efficiency with regard to 
diverse building behaviours.
Despite its lower V/A ratio, the composite construction requires a relatively greater quantity 
of fossil fuel energy. This consequence is due to the application of energy-intensive 
structural elements. As far as the egalitarian version is concerned, its appraisal result 
demonstrates that such an impact is caused by other materials. In the hierarchist version, 
the coal associated with steel-making is supposed to be less influential for overall energy 
demand. Nevertheless, the estimation result derived from the hierarchist method reveals 
that, even with a lower V/A value, the composite construction depletes more fossil fuels 
compared to the board and post-and-beam systems.
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Figure 4.2 Tendency of fossil fuel energy consumption
According to the evaluation results, the wood-based compound seems to require the most 
fossil fuel energy. With regard to the appraisal scope, however, it is not rational to draw the 
conclusion that the wood-based structure is more energy-intensive than other constructions. 
Almost the entire primary structural part of the wood-based compound is involved in the 
boundary of this LCA, while some structural components of the other three systems are 
excluded from the estimation. Such exclusion leads to discrepant research scopes and 
assessment results. Nevertheless, the comparison between the board system, post-and-
beam system, and composite construction remains reasonable. These three structural 
systems have a congruent system boundary of appraisal. Rather than demonstrating the 
energy efficiency of diverse building materials, the comparison for various categories of 
engineered timber is more convincing within this section of LCA.
4.1.3 Contribution of Process
Scrutinising the associated processes for manufacturing timber products contributes to 
analysing the critical points in the industry and finding more efficient solutions. As far as the 
sawn timber and stack-of-plank are concerned, the finished products mainly apply wood with 
considerably less extra material or fastener. In terms of fossil fuels, most consumption 
occurs during the upstream part of the fabrication processes, including harvesting, 
debarking, and preliminary refurbishing. A network diagram of energy demands of various 
processes depicts the allocation of depletion. As delineated in Figure B-1 (see Appendix B), 
most fossil fuels are intended for the treatment for the timber itself, while other processes, 
such as transportation and electricity generation, account for only a small proportion of the 
whole energy flow. In terms of the GWP mitigation effect, the raw wood in the upstream 
part exhibits better performance and the outcome is reduced along with the increase in the 
use of relevant processes. The gradient of alleviation efficiency is illustrated in Figure B-2. 
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Although the amelioration effect declines in the downstream part, the overall efficiency of 
wooden components remains significantly positive.
According to this phenomenon, controlling the upstream processes of the timber industry is 
conducive to enhancing the environmental efficiency of wooden buildings, especially by 
means of diminishing the use of unnecessary processes or substances. The improvement 
efficiency of various strategies needs to be further quantified.
As discussed in Chs. 4.1.1 and 4.1.2, highly engineered timber may result in a reduction of 
efficiency in terms of climate change mitigation and energy consumption. Cross-laminated 
timber and glulam are highly processed wooden products. Investigating the network of 
material flow of laminated timber helps trace the dominant factors for the appraisal results. 
As illustrated in Figure B-3, the resin accounts for about one third of the total fossil fuel 
energy, raising the overall impact. In addition, manufacturing such laminate requires a 
greater quantity of raw wood than simple timber does, resulting in a significant enlargement 
of energy demand. These prerequisites lead to greater a environmental impact from glulam 
than from timber fabricated in a simple manner.
Compared to sawn timber, laminated timber has a discrepant efficiency with regard to 
climate change alleviation. Figure B-4 delineates the energy flow of a building project located 
in Bulle, Switzerland, whose main structure is composed of sawn wood and laminated 
timber. In this building, the volume of sawn timber is approximately double that of glulam 
and the GWP indicator of sawn timber is also two times better than glulam’s outcome. 
Seemingly, the GWP mitigation efficiency of the two types of timbers is similar. According 
to the material flow of each product, however, their contents differ significantly and refer to 
a ponderable difference in the intrinsic characteristics. The overall performance of laminated 
timber is attributed to the higher wood consumption, which provides a higher carbon-
sequestrating capacity. Nevertheless, the ameliorating effect of the wood is diminished by 
the resin. Although the outputs for GWP are equal on the macro-scale, the innate properties 
of both products demonstrate tremendous discrepancy. This conclusion means that, in spite 
of their similar overall efficiency, the application of these categories of timber has diverse 
consequences in terms of raw materials and resources consumption.
In addition to the laminated products, some engineered timber is worthy of inspection. 
Laminated wooden boards are widely applied in the timber constructions. For example, 
fibreboard, three-layered timber, and oriented strand board (OSB) are commonly used 
products for both structural and non-structural components. Examining the material flow 
allows the embodied implications of these categories of engineered timber to be analysed.
The fibreboard is applied in building project No. 8, which is a single-family house located in 
southern Germany. The volume of fibreboard is around just 10% of that of the sawn timber, 
according to the material inventory. As far as the energy balance is concerned, the amount 
of fossil fuel used for fibreboard is more than 90% of that required by sawn timber. As 
delineated in Figure B-5, fibreboard accounts for a significant proportion of the whole energy 
requirement, ca. 42.7% of the amount for all structural timber. The energy flow illustrates 
that the natural-gas-based energy used for fibreboard has considerable impact.
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The office building located in Kemptthal, Switzerland, utilises a great deal of three-layered 
timber, whose quantity is almost as large as the sum of other structural wooden elements. 
Although it accounts for only ca. 50% of the volume of the wood-based structure in this 
building, the three-layered timber accounts for about 66.4% of the entire energy 
consumption. In terms of energy depletion per unit, three-layered board is more energy-
intensive than sawn timber and laminated timber. The network in Figure B-6 (in Appendix B) 
depicts the energy flow of three-layered timber, demonstrating that a large amount of fossil 
fuel is consumed due to the electricity and the large amount of wood used for fabricating 
this engineered timber.
4.1.4 Other Issues
The inventory of raw materials and natural resources helps verify the estimation 
consequences demonstrated in Chs. 4.1.1 and 4.1.2. The assessment of energy 
consumption is implemented by means of the egalitarian and hierarchist versions of Eco-
Indicator 99. Since both concepts comprise specific frameworks for accounting, the 
calculated results differ from each other and are not completely the same as those obtained 
by other evaluation methods. Scrutinising the material flow in the inventory helps verify the 
former appraisal and provides a series of raw data for convergent comparison, since all 
methods consider the same material inventory. In this section, the focus is on the three 
fossil fuel resources, namely hard coal, natural gas, and crude oil. The estimated results per 
functional unit of the three sorts of energy are listed in Table 4.5.
Table 4.5 Fossil fuel resources of four structural systems
Structural system Coal (kg/m2) 1) Natural gas (m3/m2) 2) Crude oil (kg/m2)
Board system 2.0 1.7 2.9
Post-and-beam system 2.2 2.6 2.9
Wood-based compound 4.5 4.3 6.5
Composite construction 18.0 1.8 3.0
1) The amount only refers to the hard coal for industrial furnace.
2) Natural gas applied for industrial furnace, without off-shore gas.
Although it is composed of an similar quantity of structural timber, the post-and-beam 
system consumes a greater amount of hard coal and natural gas than the board system 
does; their margins are 14.2 and 55.6% higher, respectively. This is attributed to the 
laminated timber used in the post-and-beam structures. Laminated timber applies resin for 
joining elements and this resin requires natural-gas-based energy for production. In terms of 
the overall amount of wooden components, the wood-based compound utilises 114.4% 
more wood per square metre than the board system does. As far as the fossil fuel resources 
are concerned, the amounts consumed by the two systems basically remain consistent with 
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the ratio of their V/A values, in spite of the slightly higher consumption of the wood-based 
compound. The composite construction possesses the lowest V/A ratio, since some 
significant structures are made of other materials rather than wood. In terms of fossil fuel 
resources depletion, however, this construction demonstrates worse efficiency compared to 
other structural systems. For example, the the composite construction has higher crude oil 
consumption than both the board and the post-and-beam system. The composite 
construction depletes an extremely large amount of hard coal compared to the other three 
systems, due to the steel-making.
The chart in Figure 4.9 depicts the tendency of the consumption of three energy resources. 
The units for these resources are not all the same. Hard coal and crude oil adopt the 
kilogramme or ton as their scale, while natural gas is normally expressed as a volume. 
Nevertheless, their arrangement in one single graph helps compare the individual 
magnitudes and mutual tendencies of the three fossil fuel resources.
Figure 4.3 Fossil fuel resources of four structural systems
Although it seems that the wood-based compound consumes the most fossil fuels among 
the four structural systems, it is not reasonable to conclude that it possesses the worst 
energy efficiency. With regard to the system boundary, substantially all structures of the 
wood-based compound have been taken into account, while some structural parts in the 
other three systems are avoided. For example, the staircases, rigid core, and some RC walls 
are not included in the scope of the analysis. When these elements are included, the overall 
fossil fuel demands of these three structural systems may increase significantly due to the 
use of some energy-intensive materials. The comparison between the board system, the 
post-and-beam system, and the composite construction is more reasonable and reliable, 
since they have consistent system boundaries.
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4.2 SIMPLE CONSTRUCTION
The environmental implications of three building models based on a two-storey construction 
are revealed, compared, and discussed in this section. First, the climate change indicators 
evaluated by the four methods are quantitatively shown in order to demonstrate the 
efficiency of the three construction models. Whereas the GWP consequence is the main 
indicator for presenting the performance, the results derived from other methods are 
necessary to prove the congruent conclusion. Second, the embodied energy of each 
construction is analysed in order to compare the fossil fuel depletion caused by diverse 
building materials. The energy demand of the full structural assembly can be quantified by 
means of integral estimation. Furthermore, the material flow of each building is depicted 
systematically and individually, especially for climate change indicators and fossil fuels. 
Inspecting these networks helps find the dominant factor in the early life-cycle. Finally, the 
inventory of raw materials and natural resources is listed to help review and examine the 
consequences of former steps. Since the appraisal results based on distinctive methods 
may be divergent, investigating the material inventory helps draw consistent conclusions.
The material inventory of each construction model is shown in Table 4.6. The name of the 
associated material is according to the denomination in the Eco-invent database. The impact 
assessment is implemented based on this inventory.
Table 4.6 Material inventory of three constructions
Material Quantity
1 Wooden construction
Sawn timber, softwood, planed, air dried, at plant 1) 8.7 m3
Sawn timber, softwood, planed, air dried, at plant 2) 66.0 m3
Sawn timber, hardwood, planed, air / kiln dried, at plant 2) 1.4 m3
2 Steel construction
Steel, converter, unalloyed, at plant 33,000.0 kg
Aluminum, production mix, at plant 450.0 kg
3 RC construction
Concrete, normal, at plant 81.0 m3
Reinforcing steel, at plant 15,000.0 kg
1) This softwood refers to the sawn timber used for columns and slender beams in 
the roof.  
2) The softwood and hardwood here are applied collectively for stack-of-plank.
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4.2.1 GWP100 and Climate Change
The evaluated consequences associated with climate change are displayed in Table 4.7. 
Calculated by means of the CML method, the GWP is expressed by the CO2-equivalent per 
square metre of floor area. Three climate change indicators derived from the individualist, 
egalitarian, and hierarchist versions of the Eco-Indicator 99 method, respectively, are in the 
form of a specific damage-oriented scale. Both categories of indicators are well developed 
and broadly applied for greenhouse gases emissions. With a generally recognised unit, the 
CML method’s result is chosen as the main benchmark for comparison and discussion. 
Nevertheless, the results from Eco-Indicator 99 help to mutually verify the appraisal 
tendency.
Table 4.7 Climate change indicator of three constructions
Indicator Method Unit 1) Wood Steel RC
GWP CML 2 baseline kg CO2-eq -405.0 395.0 300.0
Climate change Eco-Ind.99 I/I DALY 2)  (10-5) -8.1 7.9 5.9
Climate change Eco-Ind.99 E/E DALY 2)  (10-5) -8.5 8.2 6.2
Climate change Eco-Ind.99 H/A DALY 2)  (10-5) -8.5 8.2 6.2
1) All units actually refer to the estimated result per square metre of floor 
area.
2) specific climate change indicator by Eco-Indicator 99. The exact unit is 
DALY per square metre of floor area, where, DALY refers to ‘disability 
adjusted life years.’ 
Among the three construction models, the wooden building possesses a negative outcome, 
which refers to a positive effect upon the GWP. Based on the carbon-sequestrating 
characteristics of wood, the timber construction has an alleviating effect on climate change, 
demonstrating a unique performance compared to other materials. Besides the GWP 
consequence obtained by the CML method, the other three indicators derived from Eco-
Indicator 99 reveal a consistent assessment result. Both the steel construction (SC) and the 
reinforced concrete (RC) construction cause a certain margin of impact for GWP. SC 
possesses a 32.6% higher outcome compared to RC. This means that SC results in 32.6% 
more greenhouse gases emissions than RC does. The other three indicators demonstrate 
the same tendency as well as a discrepancy between the SC and RC constructions.
The tendency of the four groups of consequences is shown diagrammatically in Figure 4.10. 
In order to place all results on one graph, the estimated outcomes from Eco-Indicator 99 are 
multiplied by 107. By doing so, the results from the four methods can be collectively 
displayed within an appropriate range. Based on the convergent outcomes, the Y-coordinate 
axis can be universal for diverse methods and scales. As illustrated in the chart, the 
outcomes of the wooden construction and other building models retain congruent 
proportions. The climate change mitigation efficiency of the wooden model is proved by 
diverse evaluation frameworks. Meanwhile, the discrepancy between SC and RC reveals an 
approximate magnitude in terms of all methods. SC generates significantly greater amounts 
of greenhouse gases than RC does.
Figure 4.4 Climate change indicators of three constructions
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Figure 4.5 GWP of various building materials in three constructions
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The contribution of each associated building material is delineated in the chart in Figure 4.5. 
All building models are composed of multiple materials. Examining the consequences of 
using these materials helps quantify and compare the impacts of specific components.
In the wooden construction, the stack-of-plank exhibits better performance in terms of 
climate change amelioration, since it results in a higher outcome with a lower quantity of 
structural timber. This is attributed to the intrinsically greater amount of structural timber 
used in stack-of-plank. Without backlash due to fasteners made of other materials, stack-of-
plank demonstrates better mitigation efficiency than other intensively engineered timber. In 
SC, the steel accounts for the majority of the whole GWP consequence: ca. 93.5% of the 
total amount. In terms of the CO2-equivalent per unit, however, aluminium generates 
significantly greater impact than steel does. This is due to the enormous quantity of energy 
required for the refining of aluminium. In the RC model, the concrete and reinforcing steel 
bar (rebar) account for approximately equivalent proportions of the GWP outcome. In spite of 
the lower volume, the rebar causes a high GWP result. Nevertheless, concrete results in a 
considerable amount of greenhouse gas emission during its production stage.
4.2.2 Fossil Fuel Energy
The consumption of fossil fuel energy of three constructions is listed in Table 4.8, including 
the results deriving from the egalitarian and hierarchist version of Eco-Indicator 99. The 
adopted unit is in the form of megajoules per square metre of floor area. Although the 
methods are based on the same material inventory, their results differ. According to the 
instructions for each version, the divergence results from the concept for weighting and the 
framework for accounting. Since the egalitarian version takes a number of resources into 
account in an average way, the result of this version is chosen as the main indicator to 
demonstrate the fossil fuel energy requirement. The hierarchist version plays the role of 
complementary indicator.
Table 4.8 Fossil fuel depletion of three constructions
Indicator Method Unit * Wood Steel RC
Fossil fuel Eco-Ind. 99 E/E MJ surplus 20.0 180.0 95.0
Fossil fuel Eco-Ind. 99 H/A MJ surplus 27.0 81.0 77.0
* The overall unit is actually MJ surplus per square metre of floor area.
Among the three building models, the wooden construction depletes the smallest quantity 
of fossil fuels. In both methods, the timber building possesses extremely high efficiency as 
far as energy demand is concerned. On the contrary, the SC model requires the greatest 
amount of fossil fuel energy compared to other constructions. It consumes approximately 
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eight times more fossil fuel energy than the wooden model does. The SC model’s 
consumption is approximately 88.4% higher than that of the RC one. In spite of the smaller 
margin, the depletion of SC based on the hierarchist version is still higher than the estimated 
outcomes of both wooden and RC models. The RC building exhibits an intermediate 
efficiency among the three constructions. The RC model depletes almost four times more 
fossil fuel energy than the timber building does and around 53.1% of that required by the 
SC. In terms of the hierarchist version’s appraisal, RC’s energy consumption remains 
significantly higher than the that of the wooden model’s but does not differ from tha of SC 
as much as the result of the egalitarian version does.
The tendency of the fossil fuel consumption of the three building models is diagrammatically 
illustrated by the graph in Figure 4.6. The divergence of the three models’ performance is 
concretely revealed by a series of clustered bars.
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Figure 4.6 Fossil fuel depletion of three constructions
Although both methods demonstrate a consistent tendency among the three constructions, 
a certain discrepancy arises in the consequences of the SC and RC models. This is attributed 
to the intrinsic structural difference between the two methods. For further verification, the 
appraisal of energy depletion has to take the fossil fuel resources into account.
Investigating the demands of associated building materials allows the impacts of diverse 
elements to be quantified. The evaluated effect of each material is depicted in Figures 4.7 
and 4.8. In the wooden construction, the stack-of-plank accounts for the majority of the total 
consumption, since its volume is considerably larger than that of sawn timber. As far as the 
depletion per unit is concerned, stack-of-plank requires relatively more energy than sawn 
timber but their discrepancy is subtle. In the SC model, the steel is the primary factor in the 
entire depletion because of its huge proportion in the material inventory. In terms of the 
energy requirement per unit, however, aluminium is significantly more energy-intensive than 
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steel. This is due to the very high intensity of industrial energy use during the production of 
aluminium. In the RC model, rebar accounts for around 77.7% of the total energy 
consumption for this construction, demonstrating its dominant influence. Although the RC 
building has a smaller impact, the concrete part depletes slightly more fossil fuel than the 
whole wooden building does.
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Figure 4.7 Fossil fuel consumption (E) of various materials in three constructions
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Figure 4.8 Fossil fuel consumption (H) of various materials in three constructions
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4.2.3 Contribution of Process
Material flow networks of the investigated models help examine the critical factors for 
embodied impacts within specific industries. Robust awareness of the fabrication of building 
materials provides a reliable basis for modifying the industrial processes.
In terms of the GWP indicator, the timber construction exhibits a mitigating effect based on 
the property of wood. As depicted by the network in Figure B-7 (in Appendix B), the wood in 
the upstream part retains better performance and its alleviating efficiency in downstream is 
reduced by the application of refining or allocating processes. Within this system, the 
greenhouse gas emission from timber products can be diminished by means of 
management involving moderate use of the associated treatments for wood. On the other 
hand, other processes, for example transportation and electricity generation, do not cause 
significant impacts compared to the efficiency of wood itself.
With regard to the fossil fuels, the processes intended for the early stage of timber 
production account for a great proportion of the entire depletion, whose magnitude is 
concretely revealed in Figure B-8. These processes mainly comprise the harvesting, 
debarking, and preliminary refurbishing. Although a certain amount of electricity is allocated 
for fabricating the ultimate wooden products, its quantity is relatively minor compared to the 
energy consumption in the upstream part. Even the transportation is mainly intended for the 
upstream processes. Controlling the substances or processes for the upstream part helps 
reduce the fossil fuel consumption.
The material flow network in Figure B-9 delineates the GWP consequences of associated 
processes for steel construction. The steel accounts for the majority of the overall CO2-
equivalent outcome. In steel making, the pig iron is the primary factor that generates the 
highest greenhouse gas emissions. As far as the whole structural assembly is concerned, 
the pig iron retains its dominant role compared to other materials and processes, accounting 
for ca. 78.8% of the total GWP result. The severe climate change outcome results from not 
only the relevant processes but also the chemical reaction of pig iron production itself. 
Statistically, the intrinsic GWP of pig iron production leads to larger impacts than the external 
refining treatments do. To reduce the implications of steel construction, it may be more 
efficient to save the quantity of pig iron fabrication rather than to diminish the use of other 
related processes.
In terms of fossil fuel consumption, steel-making demonstrates its dominant influence 
among various materials and processes for the entire SC model. As illustrated by the 
network in Figure B-10, steel accounts for the majority of the entire energy demand. Steel-
making requires a great deal of fossil fuel energy, especially for pig iron production. 
Managing the amount of pig iron casting contributes to ameliorating the depletion of fossil 
fuels.
The GWP network of the RC model is illustrated in the diagram in Figure B-11. In the RC 
model, the circumstances and strategies for alleviating the impacts of steel have been 
presented in previous paragraphs. Despite the different ultimate products, the reinforcing 
steel bar is based on similar steel-making procedures. On the other hand, the concrete part 
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results in a significant amount of greenhouse gas emission as well. In the industrial 
processes for producing concrete, Portland cement accounts for the majority of the 
emission from concrete. This is attributed to both the associated industrial energy and the 
cement itself. Due to the chemical reaction, a huge amount of GWP is generated during the 
production of cement. In order to decrease the amount of greenhouse gases emitted from 
concrete, it may be more significant to diminish the consumption of Portland cement rather 
than to reduce the application of the required processes.
The energy network in Figure B-12 (see Appendix B) depicts the proportion and allocation of 
fossil fuels used in the RC model. As far as the concrete is concerned, cement production 
accounts for the majority of the total energy consumption. Efficient management with 
regard to the utilisation of cement can lead to considerable benefits for energy conservation.
4.2.4 Other Issues
Investigating the depletion of fossil fuel resources by each model helps review and evaluate 
the energy consumption of diverse building materials. The estimation results are shown in 
Table 4.9 and refer to the depletion per square metre of floor area.
Among the three construction models, the wooden building consumes the smallest quantity 
in terms of the three categories of fossil fuels. As far as hard coal and natural gas are 
concerned, the timber building’s consumption is significantly smaller compared to the other 
building models’ requirements. The oil depletion of the wooden house is only about half of 
those of the SC and RC models. The SC depletes an extremely large amount of hard coal 
compared to the other constructions. This is attributed to not only the fossil fuel energy but 
also the coal used for relevant reactions. The RC construction requires the most natural gas 
and crude oil among the three buildings. While the oil consumption of RC is slightly larger 
than that of SC, the natural gas depletion of RC is 42.3% higher than that of SC.
Table 4.9 Fossil fuel resources of three constructions
Construction Coal (kg/m2) 1) Natural gas (m3/m2) 2) Crude oil (kg/m2)
Wood 2.0 1.1 3.4
Steel 105.0 4.0 6.1
RC 39.0 5.7 6.2
1) The amount only refers to the hard coal used for industrial furnace.
2) The natural gas applied for industrial furnace, without off-shore gas.
The tendencies and discrepancies with regard to fossil fuels are displayed in Figure 4.9. 
Although these fossil fuel resources are presented in the form of diverse units, the results 
are placed together in one single chart. Nevertheless, the amount of each fossil fuel is based 
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on individual units as displayed in Table 4.9. The hard coal consumption of the SC is actually 
higher than 100 kg/m2. In this graph, however, the maximum value of the Y-axis is set at 
only 40. This modification clearly demonstrates the discrepancy between different resources 
and diverse constructions.
Figure 4.9 Fossil fuel resources of three constructions
The fossil fuel consumption of associated building materials is delineated by a series of 
cluster bars in Figure 4.10. In this chart, the first, fourth, and seventh columns are the 
demands of the wooden model. The second, fifth, and eighth columns refer to the outcome 
of SC. Then, the third, sixth, and ninth bars present the depletion caused by the RC model. 
As shown in the diagram, wood-based materials use the smallest quantity of fossil fuels. 
With regard to the hard coal and crude oil, the overall consumption of the entire timber 
construction is less than the outcome due to the concrete part in the RC model. Owing to 
the application of rebar, the consumption of three fossil fuels by the whole RC model rises 
further. Although producing concrete requires little natural gas, the overall depletion of RC is 
the largest among the three structures. The metallic products demonstrate the most intense 
embodied implication with regard to fossil fuel resources.
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Figure 4.10 Fossil fuel resources of various materials
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4.3 THERMAL PERFORMANCE
Table 4.10 Material inventory of diverse walls and the structural frame
Material Quantity
0 Structural frame and opening - universal for all models
Sawn timber, softwood, planed, air dried, at plant 1) 50.0 m3
Glazing, double (2-IV), u < 1.1 W/m2·ºK, at plant 193.0 m2
1 Wooden wall 12.0 cm
Sawn timber, softwood, planed, air dried, at plant 23.0 m3
Sawn timber, hardwood, planed, air / kiln dried, u=10% 0.5 m3
2 Brick wall 57.0 cm
Brick, at plant 130,000.0 kg
Cement mortar, at plant 29,000.0 kg
Base plaster, at plant 10,800.0 kg
3 Wattle-and-daub wall 18.0 cm
Bamboo 2) 3.9 m3
Clay, at mine 34,000.0 kg
Base plaster, at plant 5,400.0 kg
4 Board wall 12.0 cm
Sawn timber, softwood, planed, air dried, at plant 3) 3.0 m3
cellulose fibre, inclusive blowing in, at plant 620.0 kg
Fibreboard, hardwood, at plant 7.7 m3
5 RC wall 70.0 cm
Concrete, normal, at plant 130.0 m3
Reinforcing steel, at plant 20,500.0 kg
1) This timber is applied for constructing the main frame, including primary and 
secondary structural elements.
2) Due to the lack of reliable resources in Ecoinvent database, this simulation adopts 
softwood to present the bamboo.
3) This wood is used for the slender studs within the wall.
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Five categories of external walls are analysed for estimation and comparison. The 
consequences are intended to demonstrate the correlation between the thermal behaviour 
and LCA results of various building envelopes.
The material inventory of each wall system as well as its mutual is established according to 
the modelling procedures presented in Ch. 3.3. Table 4.10 displays not only the associated 
materials of each construction model but also the thicknesses of the walls. As stated in Ch. 
3.3.2, the thicknesses are determined depending on a series of equations for thermal 
resistance, which are shown in Ch. 3.3.1. These inventories provide the essential basis for 
subsequent impact assessment. Meanwhile, the contribution of material recycling is taken 
into account within this appraisal. The ecological implications of the assembly and the 
feedbacks from reuse are displayed quantitatively and separately. Such partitioning is used 
in order to elucidate the magnitudes of different life-cycle stages and to carefully inspect the 
potential of distinctive disposal scenarios. Therefore, the consequences shown in this 
section comprise three parts:
1. embodied environmental impacts of structural assemblies;
2. contributions of recycling processes; and
3. overall environmental implications of related life-cycle phases.
Furthermore, the ecological performances of the structural frame, opening, and wall 
assembly are discussed as well. Since this LCA is mainly intended for the building 
envelopes, the analyses are focused on the wall assemblies. While the estimation outcomes 
of the structural frame and opening are only displayed numerically, the consequences of 
different walls are shown by means of tables and diagrams in order to concretely illustrate 
their disparities. The emphasis of comparison and discussion is basically drawn from the 
performance of the wall systems.
4.3.1 GWP100 and Climate Change
The evaluated results associated with climate change indicators are listed in Table 4.11, 
including the embodied impacts of wall systems, structural wooden frames, and openings 
and the overall consequences of these parts. In the five walls, the structural timber frame 
and the glass-based opening are the mutual elements and their assessment results are 
independently displayed in Table 4.12.
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Table 4.11 Climate change indicators of five models - whole construction 1)
Model and Method Wall Frame+Window Overall implica.
1 Wooden model
CML 2 2) -35.0 -64.0 -100.0
Eco-Ind. 99 I/I 2) -70.0 -130.0 -200.0
Eco-Ind. 99 E/E 2) -74.0 -135.0 -210.0
Eco-Ind. 99 H/A 2) -74.0 -135.0 -210.0
2 Brick model
CML 2 2) 71.0 -64.0 6.1
Eco-Ind. 99 I/I 2) 141.0 -129.0 12.0
Eco-Ind. 99 E/E 2) 148.0 -135.0 13.0
Eco-Ind. 99 H/A 2) 148.0 -135.0 13.0
3 W&D model
CML 2 2) -2.2 -64.0 -67.0
Eco-Ind. 99 I/I 2) -4.4 -129.0 -133.0
Eco-Ind. 99 E/E 2) -4.7 -135.0 -140.0
Eco-Ind. 99 H/A 2) -4.7 -135.0 -140.0
4 Board model
CML 2 2) -27.0 -64.0 -92.0
Eco-Ind. 99 I/I 2) -54.0 -130.0 -183.0
Eco-Ind. 99 E/E 2) -57.0 -135.0 -193.0
Eco-Ind. 99 H/A 2) -57.0 -135.0 -193.0
5 RC model
CML 2 2) 127.0 -64.0 62.0
Eco-Ind. 99 I/I 2) 250.0 -130.0 124.0
Eco-Ind. 99 E/E 2) 270.0 -140.0 130.0
Eco-Ind. 99 H/A 2) 270.0 -140.0 130.0
1) This table displays only the embodied impacts, without the effect of recycling.
2) The unit of CML method is kg CO2-eq., which is the general scale for GWP. 
Results of three Eco-Indicator 99 versions are in the form of 107 · DALY. Finally, 
the results shown here are outcomes per square metre of floor area.
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As far as the whole buildings are concerned, models 1, 3, and 4 reveal a mitigation effect on 
climate change, especially models 1 and 4. This is due to the very large application of timber 
products that sequestrate carbon from a life-cycle point of view. Although it is composed of 
a smaller volume of bamboo, the wattle-and-daub (W&D) model retains the alleviation effect. 
This is attributed to the few climate change impacts caused by clay, which is the essential 
material of this composite wall. This utilisation of alternative material does not greatly reduce 
the total efficiency of bamboo components.
On the other hand, the brick and RC models lead to certain magnitudes of climate change 
impacts. The brick model’s outcome is smaller than the impact of the RC building, since the 
brick wall causes lower greenhouse gas emissions than the RC wall does. As far as just the 
wall assembly is concerned, RC generates approximately 79.6% more GWP than brick does. 
The discrepancy is mainly due to two reasons. First, the thickness of the RC envelope is 
greater than that of the brick one. The enormous consumption of building material results in 
higher embodied ecological impacts. Second, the RC construction applies some energy-
intensive materials such as cement and rebar. The condition and allocation of the embodied 
impacts of RC, including concrete and rebar, have been discussed in Chs. 4.2.1 and 4.2.3.
The statement in the previous paragraph is based on the GWP result, which is calculated by 
means of the CML method. Nevertheless, the results of the four methods reveal congruent 
tendencies of the climate change indicators of the five construction models.
Table 4.12 Climate change indicators of mutual structural frame and opening
Method Unit Opening * Wooden frame Overall implica.
CML 2 baseline kg CO2-eq 8.3 -73.0 -64.0
Eco-Ind. 99 I/I DALY  (10-7) 16.7 -145.0 -129.0
Eco-Ind. 99 E/E DALY  (10-7) 17.3 -153.0 -135.0
Eco-Ind. 99 H/A DALY  (10-7) 17.3 -153.0 -135.0
* This refers to the glass-based windows that account for 50% of the 
available area for facade, envelope and opening etc.
The LCAs of various wall systems are shown in Tables 4.13 and 4.14, including the 
outcomes of the production and recycling phases. This is intended to elucidate the 
environmental performance of diverse building envelopes, particularly the effect of related 
disposal strategies. The wood-based assemblies, that is, wooden walls and composite 
board, give negative results, meaning that they have a positive effect on climate change. 
Based on the carbon-storage capacity of timber, the wood-based envelopes demonstrate 
better efficiency in terms of GWP. 
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Table 4.13 Climate change indicators of three walls - external wall only
Model and Method Embodied 1) Disposal scenario Overall implica.
1_1 Wooden wall - recovery
CML 2 2) -35.0 -6.0 -41.0
Eco-Ind. 99 I/I 2) -70.0 -12.0 -82.0
Eco-Ind. 99 E/E 2) -74.0 -12.4 -86.0
Eco-Ind. 99 H/A 2) -74.0 -12.4 -86.0
1_2 Wooden wall - reuse
CML 2 2) -35.0 31.0 -4.2
Eco-Ind. 99 I/I 2) -70.0 62.0 -8.3
Eco-Ind. 99 E/E 2) -74.0 65.0 -8.7
Eco-Ind. 99 H/A 2) -74.0 65.0 -8.7
2 Brick wall
CML 2 2) 71.0 196.0 267.0
Eco-Ind. 99 I/I 2) 141.0 380.0 520.0
Eco-Ind. 99 E/E 2) 148.0 383.0 531.0
Eco-Ind. 99 H/A 2) 148.0 383.0 531.0
3 W&D wall
CML 2 2) -2.2 51.0 49.0
Eco-Ind. 99 I/I 2) -4.4 98.3 93.9
Eco-Ind. 99 E/E 2) -4.7 99.6 94.9
Eco-Ind. 99 H/A 2) -4.7 99.6 94.9
1) The embodied impacts are equal as the second column of Table 4.11.
2) The unit of CML method is kg CO2-eq., which is the general scale for GWP. 
Results of three Eco-Indicator 99 versions are in the form of 107 · DALY. Finally, 
the results shown here are outcomes per square metre of floor area.
Other wall models, including brick, W&D, and RC envelopes, result in certain margins of 
climate change burdens even with the feedback from material reuse. Due to the scarcity of 
adequate means of reuse, the brick wall has significantly higher GWP compared to the other 
systems. Meanwhile, the disposal scenario of brick has high greenhouse gas emissions 
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because landfill is used. These prerequisites lead to severe LCA consequences of the brick 
assembly. As a whole, the W&D wall generates impacts for climate change as well. In spite 
of the mitigating effect in terms of embodied impact, the recycling processes cause 
considerable burdens. Whereas the alleviating effect of this wall is attributed to the bamboo, 
the landfill used for mineral C&DW worsens the ecological performance with regard to the 
whole life cycle. The very high volume and mass and sequential transportation result in 
considerable impacts from both brick and W&D walls.
Table 4.14 Climate change indicators of two walls - external wall only
Model and Method Embodied 1) Disposal scenario Overall implica.
4_2 Board wall - recovery
CML 2 2) -27.0 -0.7 -28.0
Eco-Ind. 99 I/I 2) -54.0 -1.4 -56.0
Eco-Ind. 99 E/E 2) -57.0 -1.5 -59.0
Eco-Ind. 99 H/A 2) -57.0 -1.5 -59.0
4_2 Board wall - reuse
CML 2 2) -27.0 25.0 -1.8
Eco-Ind. 99 I/I 2) -54.0 51.0 -3.7
Eco-Ind. 99 E/E 2) -57.0 53.0 -3.9
Eco-Ind. 99 H/A 2) -57.0 53.0 -3.9
5 RC wall
CML 2 2) 127.0 -43.0 84.0
Eco-Ind. 99 I/I 2) 250.0 -86.0 167.0
Eco-Ind. 99 E/E 2) 270.0 -90.0 180.0
Eco-Ind. 99 H/A 2) 270.0 -90.0 180.0
1) The embodied impacts are equal to the last column of Table 4.11.
2) The unit of CML method is kg CO2-eq., which is the general scale for GWP. 
Results of three Eco-Indicator 99 versions are in the form of 107 · DALY. Finally, 
the results shown here are outcomes per square metre of floor area.
The RC wall has second highest GWP among the five categories of envelopes. Primarily, the 
entire life-cycle burdens are derived from the embodied implications. With the contribution 
of material recycling, the overall performance can be enhanced. The amelioration efficiency 
is mainly attributed to the reuse of rebar. In terms of GWP, recycling the rebar has an effect 
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of about –33 kg CO2-eq./m2 and accounts for more than 76% of the mitigation benefit. In the 
RC assembly, the embodied GWP values of concrete and rebar are close. With regard to the 
efficiency from material reuse, however, rebar’s outcome is significantly higher than that of 
concrete.
The efficiency of diverse strategies for recycling wood-based materials is analysed by means 
of different simulation setups. Alternative modelling prerequisites contribute to estimating 
the effect of two recycling methods, that is, simple reuse and bio-mass energy recovery. 
The appraisal results of models 1_1, 1_2, 4_1, and 4_2 are intended to demonstrate the 
disparity. In two wall models, the recovery scenario promotes total efficiency with regard to 
the alleviation of climate change. In contrast, reusing timber elements for second-hand 
application reduces the aggregate performance. This is mainly based on the following 
reasons:
1. The recovery scenario can generate energy for industrial purposes, resulting in further 
mitigation consequences for GWP;
2. Incinerating timber for bio-mass energy leads to greater consumption of wood, which is 
conducive to increasing the carbon-sequestration capacity;
3. Reusing wood-based components implies relatively conservative utilisation of timber and 
leads to lower alleviation efficiency in the whole life cycle.
Although recovering timber may result in better performance, it cannot be concluded that 
the recovery scenario is more reliable for building or timber engineering industries. 
Retrieving bio-mass from sound timber may refer to aggressive consumption of natural 
resources. Thus, the feasibility of both scenarios needs further comparison and discussion.
The tendencies and discrepancies of the GWP of diverse envelopes are depicted in Figure 
4.11. In this chart, the blue bar refers to the embodied GWP, the red one presents the 
outcome of the disposal scenario, and the green bar is the sum of both life-cycle stages. The 
divergency between wood-based walls and the wall assemblies made of other materials is 
explicitly revealed. A series of cluster bars not only demonstrates the magnitude of the 
whole life-cycle impact but also illustrates the contribution from material recycling. Figure 
4.12 displays the contribution of each material as well as the superposed results of relevant 
wall models. These bars reveal the impacts of the main building materials proportionally.
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Figure 4.11 GWP of five wall systems
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Figure 4.12 Contribution about GWP of various building materials
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4.3.2 Fossil Fuel Energy
The estimation results for fossil fuel energy depletion are listed in Table 4.15. The embodied 
consumption of wall systems, timber frames, and openings and then the overall impact are 
collectively included.
Table 4.15 Fossil fuel energy consumption of five models - whole construction 1) 2)
Model and Method Wall Frame+Window Overall implica.
1 Wooden model
Eco-Ind. 99 E/E 3.5 18.0 21.6
Eco-Ind. 99 H/A 4.7 25.0 30.0
2 Brick model
Eco-Ind. 99 E/E 52.0 18.0 70.0
Eco-Ind. 99 H/A 80.0 25.0 106.0
3 W&D model
Eco-Ind. 99 E/E 2.7 18.0 21.0
Eco-Ind. 99 H/A 4.0 25.0 29.0
4 Board model
Eco-Ind. 99 E/E 11.5 18.0 29.6
Eco-Ind. 99 H/A 16.5 25.0 42.0
5 RC model
Eco-Ind. 99 E/E 77.0 18.0 95.0
Eco-Ind. 99 H/A 63.0 25.0 89.0
1) This table displays only the embodied depletion, without the effect of recycling.
2) The appraisal results of both Eco-Indicator 99 versions are in the form of MJ 
surplus. Finally, the results shown here are the outcomes per m2 of floor area.
As the mutual elements among the five models, the consequences of the timber frame and 
glass-based openings are displayed separately in Table 4.16. The results comprise two 
groups of outcomes that are analysed by the egalitarian and hierarchist versions of the Eco-
Indicator 99 method, respectively. Because of the intrinsic difference with regard to 
weighting and calculation, the assessed results derived from these versions differ from each 
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other. As it covers an extensive range of energy resources in an average way, the egalitarian 
method is chosen as the benchmark for comparison.
Table 4.16 Fossil fuel energy consumption of mutual structural frame and opening
Method Unit Opening * Wooden frame Overall implica.
Eco-Ind. 99 E/E MJ surplus 10.77 7.31 18.08
Eco-Ind. 99 H/A MJ surplus 15.37 9.82 25.19
* This refers to the glass-based windows that account for 50% of the 
available area for facade, envelope and opening etc.
The building models composed of wood-based walls demonstrate better energy-
conservation performance. Generally, their total consumption is less than 50% of those of 
the constructions with non-wooden envelopes, except for the W&D model. This is mainly 
based on the low energy intensity of timber components. As far as the wall systems are 
concerned, the fossil fuel depletion of wood-based assemblies is significantly less than the 
demand by other envelopes. Such extreme discrepancy can be attributed to not only the 
lower industrial energy requirement of timber products but also the relatively slight 
thickness of wooden envelopes. Depending on the greater thermal inertia, a wooden wall 
can achieve equivalent insulating performance with less thickness compared to other 
materials.
Among two wood-based envelopes, that is, models 1 and 4, the massive timber wall 
consumes even less fossil fuel than the board system does. Being composed of some 
energy-intensive materials like cellulose insulation and laminated hardboard, the board 
system requires more industrial energy.
The W&D wall depletes the smallest quantity of embodied fossil fuel energy among the five 
categories of envelopes. Because it uses materials with little engineering like clay and 
bamboo, W&D demonstrates considerable energy efficiency. With regard to other 
functionalities, however, this wall may not exhibit performance as suitable as that of other 
massive envelopes. For example, W&D’s load-bearing capacity and moment resistance are 
not adaptable for a very high magnitude of loading. Meanwhile, the structural capacity of the 
board system is not as efficient or sufficient as that of the massive timber wall. Although it 
possesses approximately the same or even higher thermal resistance, the board system 
does not demonstrate structural feasibility and versatility.
The constructions with brick and RC walls deplete a great deal of fossil fuel energy. Within 
these buildings, wall assemblies account for a significant proportion of total consumption. In 
the brick model, the bricks are the dominant factor with regard to embodied energy, since 
their manufacturing process requires very high fossil fuel usage. As detailed in Chs. 4.2.2 
and 4.2.3, the rebar is the primary contributor in terms of the energy demand of the RC 
composite. Despite its lower quantity, rebar shows significant energy intensity. 
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Nevertheless, the concrete part consumes a considerable amount of fossil fuels compared 
to other materials or some assemblies.
The life-cycle fossil fuel consumption of diverse wall systems is shown in Table 4.17. The 
energy implications due to production and recycling are integrated. This presentation helps 
show the total energy requirement of various life-cycle phases, including the embodied 
implication and disposal scenario.
Although they consume energy for production, the wood-based wall systems demonstrate 
energy-productive efficiency in terms of life-cycle circumstances. Both model 1 and model 4 
show the same consequences no matter whether recovery or reuse mode is used. This 
energy-productive performance can be attributed to some characteristics of timber 
elements:
1. The wooden assembly uses less fossil fuel compared to other materials, as shown 
quantitatively in Table 4.15 and former paragraphs;
2. The processes of refurbishing and reusing timber components require little energy, and its 
margin is significantly less than the original consumption. The negative outcome of the 
disposal scenarios of models 1_2 and 4_2 demonstrate the positive viability of timber reuse;
3. Recovering bio-mass from wooden C&DW leads to the generation of a large amount of 
industrial energy, whose quantity is significantly greater than the demand for initial 
manufacturing.
Among two wood-based wall assemblies, model 1, that is, the massive wooden envelope, 
exhibits productivity about twice as high as wall model 4 does. This mainly results from the 
relatively lower embodied fossil fuels of massive timber products. Although it is made of 
wooden components, the board system consists of laminated board as the surface, which 
requires some glue and inevitably requires more energy. Meanwhile, the composite board 
comprises cellulose fibre as insulating material, which is not energy-productive when it is 
reused.
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Table 4.17 Fossil fuel energy consumption of five walls - external wall only 1)
Model and Method Embodied 2) Disposal Scenario Overall Implica.
1_1 Wooden wall - recovery
Eco-Ind. 99 E/E 3.5 -103.0 -100.0
Eco-Ind. 99 H/A 4.7 -103.0 -98.0
1_2 Wooden wall - reuse
Eco-Ind. 99 E/E 3.5 -13.0 -9.6
Eco-Ind. 99 H/A 4.7 -14.0 -9.1
2 Brick wall
Eco-Ind. 99 E/E 52.0 -1.9 49.63
Eco-Ind. 99 H/A 80.0 -2.9 77.59
3 W&D wall
Eco-Ind. 99 E/E 2.7 0.8 3.5
Eco-Ind. 99 H/A 4.0 1.3 5.3
4_1 Board wall - recovery
Eco-Ind. 99 E/E 11.5 -48.0 -37.0
Eco-Ind. 99 H/A 16.5 -49.0 -32.0
4_2 Board wall - reuse
Eco-Ind. 99 E/E 11.5 -14.3 -2.9
Eco-Ind. 99 H/A 16.5 -18.4 -1.9
5 RC wall
Eco-Ind. 99 E/E 77.0 -3.2 74.0
Eco-Ind. 99 H/A 63.0 18.0 81.0
1) The appraisal results of both Eco-Indicator 99 versions are in the form of MJ 
surplus. Finally, the results shown here are the outcomes per m2 of floor area.
2) The embodied consumption is equal to the second column in Table 4.15.
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Non-wooden envelopes, including brick, W&D, and RC walls, deplete different amounts of 
fossil fuels. W&D exhibits considerably little life-cycle energy consumption because of the 
low degree of industrialisation of its building materials. Although fossil fuel energy is 
required in the disposal scenario, this wall system demonstrates energy-conservation 
efficiency and leads to significantly lower life-cycle depletion compared to other wall models. 
The brick wall consumes a large amount of fossil fuel due to its tremendously high 
embodied energy. In spite of the positive feedback from recycling, the overall impact 
remains energy-intensive. The RC wall depletes the greatest amount of fossil fuel energy 
among all the models. Its demand is higher than that of the brick wall according to both 
appraisal methods. Meanwhile, the RC wall’s energy requirement is approximately 17 times 
higher than that of the W&D wall. Such an extreme consequence of the RC envelope is 
derived from not only the embodied energy of associated materials but also the negative 
energy efficiency of disposal scenarios, especially the reuse of concrete.
With regard to the disposal scenarios of various materials, only wood-based products and 
brick envelopes make positive contributions to life-cycle energy. As far as the efficiency is 
concerned, only wooden assemblies demonstrate sufficient feedback consequences. 
Recycling masonry does not result in an adequate contribution to the total fossil fuel usage. 
Among the five wall systems, the reuse of RC composite does not exhibit appropriate 
feedback efficiency. While the rebar shows an energy-conserving effect from recycling, the 
disposal scenario of concrete leads to higher energy consumption. This is mainly due to the 
open loop of concrete reuse. Dealing with concrete C&DW for a second utilisation requires a 
considerable quantity of fossil fuel energy. For example, retrieving aggregates and preparing 
cement for recycled concrete consumes a lot of industrial energy. Such characteristics make 
the reuse of concrete less energy-saving. Instead, re-manufacturing concrete for a second 
application can be energy-intensive.
As far as the two modes of timber recycling are concerned, their consequences differ from 
each other. With regard to energy feedback, the recovery mode demonstrates greater 
energy productivity than the reuse scenario does. This is attributed to the significantly larger 
margin of recoverable bio-mass from the wooden C&DW than its embodied energy. 
Although reusing timber is energy-efficient from a life-cycle point of view, its consequence is 
relatively lower than that of the recovery mode that incinerates wood to acquire energy. 
With regard to material conservation, however, the recovery mode may not be an adaptive 
strategy, since it does not take advantage of the potential of timber in efficient ways. 
Reusing timber elements contributes to reducing the consumption of natural resources.
The discrepancy with regard to fossil fuel depletion by the five categories of envelopes is 
delineated in the charts in Figures 4.13 and 4.14. The magnitudes of the embodied outcome, 
disposal scenario, and life-cycle impact are clearly illustrated. Basically, both diagrams 
demonstrate the same tendency, despite the small disparity in the RC assembly’s disposal 
scenario.
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Figure 4.13 Fossil fuel energy (Eco-Ind. 99 E) of five wall systems
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Figure 4.14 Fossil fuel energy (Eco-Ind. 99 H) of five wall systems
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The life-cycle implications of diverse building materials are depicted in Figure 4.15. In this 
chart, structures 1 to 7 on the X-axis refer to specific wall systems, that is, wooden wall with 
recovery, wooden wall with reuse, brick wall, W&D, board with recovery, board with reuse 
and RC wall. The contribution of each individual material is diagrammatically revealed.
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Figure 4.15 Fossil fuel energy contribution of various building materials
4.3.3 Contribution of Process
The material flow network of the LCA for the inspected building material makes it possible 
to examine the contribution and trace the allocation of a variety of related materials and 
processes. A series of diagrams in this section delineates the circumstances of associated 
wall systems by means of life-cycle investigation. The processes in diverse life-cycle stages 
are explicitly revealed and the lines of different widths indicate the magnitudes of these 
processes.
The network in Figure B-13 (see Appendix B) illustrates the life-cycle GWP outcome of the 
massive wooden wall. This envelope demonstrates the significant effect on the amelioration 
of climate change and its efficiency is essentially derived from timber products, especially 
the wood in the upstream part of the supply chain. Although certain industrial processes 
may reduce the efficiency, the overall performance of the timber elements remains 
considerably positive with regard to the mitigation of GWP.
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The energy flow network in Figure B-14 depicts the fossil fuel consumption of the timber 
envelope. The energy-productive efficiency is clearly visible from this diagram, including the 
effect for hard coal, natural gas, and crude oil. The thickest green line reveals the margin of 
the recovery mode for recycling of wood. The disposal scenario based on bio-mass energy 
recovery has an enormous positive feedback effect. Although dealing with abandoned 
timber requires some processes like sawing and transportation, the depletion is relatively 
minor compared to the re-production.
The material flowcharts in Figures B-15 and B-16 delineate the GWP and fossil fuel 
consumption, respectively. While Figures B-13 and B-14 are related to the recovery mode, 
Figures B-15 and B-16 demonstrate the life-cycle consequences based on the reuse mode. 
As illustrated in both diagrams, the efficiency is mainly embodied in the material reuse itself, 
no matter whether GWP or fossil fuels are considered. The reduction of material 
consumption dominates the total impact. This means that, in spite of inevitable treatments 
that require energy, the reuse-based disposal scenario is conducive to conserving not only 
the material but also fossil fuels. Although the GWP alleviation consequence is smaller than 
that of the recovery-based strategy, the timber product retains its mitigation efficiency, 
demonstrating a performance better than the neutral outcome.
The GWP result of the brick wall is collectively depicted by the network in Figure B-17. 
Among various materials and processes associated with this assembly, the landfill accounts 
for the majority of life-cycle GWP. The wide red line concretely shows the huge burden 
caused by landfill for a variety of materials, especially brick. Besides, the embodied 
greenhouse gas emission due to brick production leads to a high impact, which mainly 
results from the burning process. In addition to the brick, other materials exhibit a similar 
phenomenon in which the landfill of a specific material causes greater GWP than the 
manufacturing process does. The life-cycle network related to mortar and plaster shows 
consistent circumstances.
The fossil fuel energy depletion of the brick wall is delineated by the diagram in Figure B-18. 
In this flowchart, the industrial energy used for producing brick accounts for the majority of 
the life-cycle demand. Compared to other materials and processes, brick exhibits higher 
consumption of energy, including electricity, light fuel oil, and natural gas. In spite of the 
enormous material usage and subsequently the high logistic requirement, the transportation 
does not cause extreme energy demand. Its consumption is too small to be contained in the 
energy network.
On the other hand, mortar results in certain depletion of fossil fuel energy, which is mainly 
derived from the cement used for producing mortar. Although only accounting for a small 
proportion within this wall system, cement demonstrates a significant energy intensity. This 
phenomenon is congruent with the condition of concrete, in which cement is also an 
essential ingredient.
The material flow network in Figure B-19 illustrates the GWP outcome of the W&D wall 
system. Like the brick assembly, landfill accounts for the largest proportion of the total 
estimation result. This can be attributed to the huge volume of these masonry envelopes 
and consequently very high requirement for landfill. Despite the considerable mass of this 
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assembly, the transportation of W&D does not generate significant emission of greenhouse 
gases. Thus, the disposal scenario of clay and plaster dominates the life-cycle GWP. 
Although the embodied impact is extremely small, the overall impact rises considerably due 
to the treatment after the end of its life cycle.
The energy flowchart in Figure B-20 depicts the fossil fuel consumption of W&D. Among a 
variety of materials and processes, clay depletes a significant amount of fossil fuels, 
including the implications from the two life-cycle phases. Nevertheless, its abstract quantity 
is small and thus this wall system remains relatively energy-conserving. Plaster is just a tiny 
part of this assembly. With regard to energy depletion, however, plaster’s outcome is 
significant due to the cement. This situation is similar to the circumstances of brick and 
concrete.
The life-cycle GWP consequence of the RC wall is delineated by the material flowchart in 
Figure B-21 (in Appendix B). Concrete is the primary factor with regard to greenhouse gases 
emissions, whose margin is almost double that of rebar. As far as the concrete part is 
concerned, material reuse results in positive feedback with regard to the climate change 
impact. Although industrial energy is required for re-manufacturing, recycling of concrete 
exhibits amelioration efficiency. On the other hand, reusing rebar makes a significant 
contribution to alleviating the GWP. Comparing the thickness of the green lines reveals the 
magnitude of the effect of reusing the rebar.
The energy network in Figure B-22 helps elucidate the life-cycle fossil fuel usage of the RC 
assembly. With regard to the whole life span, concrete and rebar have approximately 
equivalent values of energy consumption. Originally, rebar exhibits extremely high embodied 
energy. Depending on the contribution from material recycling, a great deal of energy is 
conserved. The thickest green line associated with rebar’s reuse demonstrates its significant 
consequence for the total fossil fuel consumption.
4.3.4 Other Issues
Scrutinising the depletion of fossil fuel resources helps examine the energy consumption of 
each wall assembly. Quantifying and comparing these resources is not only complementary 
but also indicative, since the results for fossil fuel energy in Ch. 4.3.2 are derived from 
specific calculation frameworks and differ from the commonly cognised energy demand. 
The life-cycle outcomes of diverse envelopes are shown in Table 4.18. These consequences 
refer to the wall system only.
Among the five categories of walls, wood-based assemblies consume the smallest amount 
of fossil fuels, demonstrating better energy-conserving efficiency compared to other 
materials. In two wood-based envelopes, the massive wooden wall exhibits better 
conservative and even productive performance. As far as the disposal scenario is concerned, 
the recovery mode possesses greater energy-saving efficiency than the reuse mode does. 
This is mainly attributed to the recovered bio-mass energy, which significantly diminishes 
the total depletion of energy resources. These conclusions are consistent with the 
statements in Section 4.3.2.
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Two of the wall systems composed of non-wooden materials reveal energy-intensive 
outcomes, but the W&D does not. Being made of low industrialised materials, W&D 
depletes significantly less fossil fuel than the other two wall models do.
Brick wall depletes a huge amount of natural gas from a life-cycle point of view. This is due 
to the tremendous application of natural gas during brick production. According to the Eco-
invent database, a large proportion of industrial energy for brick is generated from natural-
gas-based energy. Whereas the consumption of hard coal is relatively small, the requirement 
for crude oil for brick walls is significantly high. Not only brick but also mortar and plaster 
consume a great deal of crude-oil-based energy.
Table 4.18 Fossil fuel resources of diverse wall systems
Envelope Coal (kg/m2) 1) Natural gas (m3/m2) 2) Crude oil (kg/m2)
Wooden wall_recovery -1.51 -0.82 -0.56
Wooden wall_reuse -0.15 -0.07 -0.06
Brick wall 2.03 9.77 4.27
Wattle-and-daub 0.57 0.15 0.74
Board wall_recovery -0.12 0.17 0.02
Board wall_reuse 0.02 0.29 0.13
RC wall 9.12 3.84 5.26
1) The amount only refers to the hard coal used for industrial furnace.
2) The natural gas applied for industrial furnace, without off-shore 
gas.
The RC wall depletes the largest amount of hard coal and crude oil among the five 
envelopes. While the rebar requires the largest amount of hard coal, concrete accounts for 
the highest crude oil requirement. Therefore, the RC wall consumes the largest quantity of 
coal and oil. Originally, rebar has a great deal of embodied energy derived from natural gas 
used for production. This results in high natural-gas demand for RC in early life-cycle stages. 
Owing to the recycling of rebar, however, the life-cycle depletion decreases significantly.
Figures 4.16 to 4.18 illustrate the magnitudes of various building materials. Structures 1 to 7 
on the X-axis refer to the investigated wall systems, that is, wooden wall with recovery, 
wooden wall with reuse, brick wall, wattle-and-daub, board with recovery, board with reuse, 
and RC wall, respectively.
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Figure 4.16 Hard coal use of various materials
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Figure 4.17 Natural gas use of various materials
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Figure 4.18 Crude oil use of various materials
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4.4 SEISMIC BEHAVIOUR
This section appraises the life-cycle impact of diverse structures that exhibit similar seismic 
behaviours. The correlation of LCA consequences and construction properties with 
earthquakes can be demonstrated. Three structural models that are composed of generally 
applied building materials are developed based on the horizontal resistance under seismic 
attack. These models reflect the characteristics of associated materials. Then, a material 
inventory of each building is established and provides the primary basis for the subsequent 
impact assessment. Meanwhile, the specific recycling scenarios are taken into account to 
evaluate the materials’ entire implications.
Table 4.19 Material inventory of three structures
Material Quantity
1 Timber structure
Sawn timber, softwood, planed, air dried, at plant 120.0 m3
Sawn timber, hardwood, planed, air / kiln dried, u=10% 2.4 m3
Steel, converter, unalloyed, at plant 1) 8,400.0 kg
2 Steel structure
Steel, converter, unalloyed, at plant 40,000.0 kg
Concrete, normal, at plant 2) 47.0 m3
Reinforcing steel, at plant 2) 8,700.0 kg
3 RC structure
Concrete, normal, at plant 160.0 m3
Reinforcing steel, at plant 30,000.0 kg
1) This steel is used for the joints between columns and beams.
2) The concrete and re-bar are applied collectively for the rigid RC core.
Besides the overall estimation result, the LCA result of each material is displayed 
individually. This partitioning is mainly intended for inspecting the life-cycle impact of the 
primary material within each structure. The emphasis of comparison is on three primary 
materials, that is, timber, steel, and concrete, in distinctive models. This framework helps 
comprehensively compare the environmental performance of different materials.
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4.4.1 GWP100 and Climate Change
The embodied implications for climate change of three structural models are collectively 
shown in Table 4.20. In this table, primary materials refer to stack-of-plank, steel, and 
concrete in the timber, steel, and RC structures, respectively. On the other hand, secondary 
materials are steel, RC (including concrete and rebar), and rebar in each construction.
Table 4.20 Climate change indicators for three structures - whole construction
Model and Method Primary 1) Secondary 2) Overall implica.
1 Timber structure
CML 2 3) -83.0 12.5 -70.5
Eco-Ind. 99 I/I 3) -167.0 25.0 -142.0
Eco-Ind. 99 E/E 3) -175.0 26.0 -150.0
Eco-Ind. 99 H/A 3) -175.0 26.0 -150.0
2 Steel structure
CML 2 3) 60.0 23.0 83.0
Eco-Ind. 99 I/I 3) 120.0 45.5 166.0
Eco-Ind. 99 E/E 3) 126.0 48.0 173.0
Eco-Ind. 99 H/A 3) 126.0 48.0 173.0
3 RC structure
CML 2 3) 38.0 40.0 78.0
Eco-Ind. 99 I/I 3) 77.0 79.0 156.0
Eco-Ind. 99 E/E 3) 81.0 83.0 164.0
Eco-Ind. 99 H/A 3) 81.0 83.0 164.0
1) The primary materials in three structures refer to stack-of-plank, steel and 
concrete, respectively.
2) The secondary materials in three structures refer to steel, reinforced concrete 
and rebar, respectively.
3) The unit of CML method is kg CO2-eq., which is the general scale for GWP. 
Results of three Eco-Indicator 99 versions are in the form of 107 · DALY. Finally, 
the results shown here are the outcomes per square metre of floor area.
As a whole, the timber structure demonstrates the best ecological performance. Its negative 
value implies a mitigating effect on climate change. Despite a certain backlash due to 
metallic joints, the overall performance retains its efficiency in alleviating greenhouse gas 
emissions. This is essentially attributed to the considerable quantity of structural timber 
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elements that exhibit very high carbon-sequestration efficiency. The steel structure causes 
the largest climate change burden, which mainly results from the steel-making. In the RC 
structure, rebar’s outcome is approximately equivalent to that of concrete, although rebar’s 
volume is relatively small.
Table 4.21 Climate change indicators for three structures - LC of whole construction
Model and Method Primary 1) Secondary 2) Overall implica.
1_1 Timber_recovery
CML 2 3) -97.0 4.9 -92.0
Eco-Ind. 99 I/I 3) -194.0 9.7 -184.0
Eco-Ind. 99 E/E 3) -200.0 10.0 -190.0
Eco-Ind. 99 H/A 3) -200.0 10.0 -190.0
1_2 Timber_reuse
CML 2 3) -9.2 4.9 -4.3
Eco-Ind. 99 I/I 3) -18.3 9.7 -8.6
Eco-Ind. 99 E/E 3) -19.0 10.0 -9.0
Eco-Ind. 99 H/A 3) -19.0 10.0 -9.0
2 Steel structure
CML 2 3) 23.0 14.6 38.0
Eco-Ind. 99 I/I 3) 47.0 30.0 76.0
Eco-Ind. 99 E/E 3) 49.0 31.0 80.0
Eco-Ind. 99 H/A 3) 49.0 31.0 80.0
3 RC structure
CML 2 3) 33.0 17.0 50.0
Eco-Ind. 99 I/I 3) 66.0 35.0 100.0
Eco-Ind. 99 E/E 3) 69.0 36.0 105.0
Eco-Ind. 99 H/A 3) 69.0 36.0 105.0
1) The primary materials in three structures refer to stack-of-plank, steel and 
concrete, respectively.
2) The secondary materials in three structures refer to steel, reinforced concrete 
and rebar, respectively.
3) The unit of CML method is kg CO2-eq., which is the general scale for GWP. 
Results of three Eco-Indicator 99 versions are in the form of 107 · DALY. Finally, 
the results shown here are the outcomes per square metre of floor area.
131
The life-cycle impact on climate change caused by each structure is listed in Table 4.21. For 
the same contents of primary and secondary materials as shown in the previous table, Table 
4.21 lists different disposal scenarios associated with wooden components.
Both recycling strategies for timber have negative numbers for the appraisal results, 
demonstrating the amelioration efficiency in terms of life-cycle implication. Among the two 
recycling modes, recovery leads to a greater mitigation effect than reuse does. 
Nevertheless, reusing timber elements implies a more conservative way to utilise wood. 
Meanwhile, the life-cycle outcome based on the reuse strategy retains a positive effect, in 
spite of a certain reduction due to steel joints. This performance is superior to the neutral 
emission circumstances.
The climate change impacts due to the SC and RC structures are diminished by the 
contribution of material recycling. Both metallic materials and concrete have an alleviation 
effect. With regard to the margin of enhancement, recycling steel results in a more 
significant consequence than reusing concrete does. The life-cycle outcomes for the RC 
structure demonstrate such disparity. Whereas the embodied implications of concrete and 
rebar are almost equal, rebar’s life-cycle burden is about 52.8% of that generated by 
concrete.
While SC’s embodied implication is ca. 6% higher than that of RC according to the appraisal, 
the life-cycle impact of SC is only three-quarters of the total burden due to RC construction.
Table 4.22 displays the life-cycle consequences of three primary materials, including the 
effects of material production and regeneration. The performance of a single material is 
revealed and this presentation helps compare the environmental efficiencies of the 
investigated materials.
As shown in Table 4.22, two strategies for recycling wood exhibit considerably different 
results of disposal scenarios. Since the reuse mode leads to lower consumption of wood, its 
climate change impact is not as good as as that of the recovery mode. Nevertheless, the 
magnitude of the backlash is relatively small compared to the embodied outcome. Although 
the reduction of wood usage and the processes for treating abandoned timber cause 
burdens, their integral margin is smaller than the mitigation efficiency of wood.
Depending on the considerable ameliorating effect of material reuse, steel causes lower 
greenhouse gas emissions than concrete does. The potential of steel is revealed. In 
contrast, concrete exhibits a certain ecological rigidity to alleviate its climate change impact. 
Due to the presence of some non-recoverable parts in the concrete and the open loop for 
recycling, concrete’s life-cycle performance in terms of GWP is less eco-friendly compared 
to those of other materials. For example, although steel’s embodied impact is larger than 
concrete’s, the life-cycle output of steel is only 71.2% of that of concrete.
132
Table 4.22 Climate change indicators for three materials - primary material only
Model and Method Embodied 1) Disposal scenario Overall implica.
1_1 Timber_recovery
CML 2 2) -83.0 -13.4 -97.0
Eco-Ind. 99 I/I 2) -167.0 -27.0 -194.0
Eco-Ind. 99 E/E 2) -175.0 -28.0 -203.0
Eco-Ind. 99 H/A 2) -175.0 -28.0 -203.0
1_2 Timber_reuse
CML 2 2) -83.0 74.0 -9.0
Eco-Ind. 99 I/I 2) -167.0 149.0 -18.0
Eco-Ind. 99 E/E 2) -175.0 156.0 -19.0
Eco-Ind. 99 H/A 2) -175.0 156.0 -19.0
2 Steel
CML 2 2) 60.0 -37.0 23.0
Eco-Ind. 99 I/I 2) 120.0 -73.0 47.0
Eco-Ind. 99 E/E 2) 126.0 -77.0 49.0
Eco-Ind. 99 H/A 2) 126.0 -77.0 49.0
3 Concrete
CML 2 2) 38.0 -5.7 33.0
Eco-Ind. 99 I/I 2) 77.0 -11.4 65.6
Eco-Ind. 99 E/E 2) 81.0 -12.0 69.0
Eco-Ind. 99 H/A 2) 81.0 -12.0 69.0
1) The embodied impacts are equal to the second column of Table 4.20.
2) The unit of CML method is kg CO2-eq., which is the general scale for GWP. 
Results of three Eco-Indicator 99 versions are in the form of 107 · DALY. Finally, 
the results shown here are outcomes per square metre of floor area.
A series of diagrams associated with the consequences shown in the above tables helps 
depict the discrepancies among the appraisal results for the three primary materials. As 
illustrated in Figure 4.19, the four methods demonstrate a consistent evaluation tendency. In 
order to illustrate all the results in one chart, the outcomes derived by the Eco-Indicator 99 
methods are multiplied by 107. Figure 4.20 delineates the life-cycle impacts of various 
building materials as well as their superposition as a whole building. The contribution from 
each material is revealed diagrammatically.
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Figure 4.19 Climate change indicators for three primary materials
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4.4.2 Fossil Fuel Energy
This section demonstrates the fossil fuel energy consumption of three structures and 
related materials, including the embodied, disposal, and life-cycle demands. The outcomes 
derived from the two methods are integrated in a series of comparisons in order to examine 
the convergence of the appraisal.
Table 4.23 shows the embodied fossil fuels of various building materials. As far as the entire 
building is concerned, the timber structure consumes the smallest quantity of energy. The 
results from both versions of Eco-Indicator 99 show a congruent tendency. This is based on 
the low embodied energy of the primary material, that is, stack-of-plank, in this model. 
Similarly, both methods reveal the same situation. Some deviation arises in the estimation 
for the SC and RC constructions. SC depletes the greatest amount of energy according to 
the egalitarian version, while the hierarchist version demonstrates that RC is the most 
energy-intensive among the three structural models. This is due to the intrinsic difference 
with regard to weighting within these methods, especially the calculation for coal. 
Regardless of which version is used, the consumption by the SC and RC structures is 
significantly higher than that of the timber building. Unlike other models, the RC structure’s 
depletion is mainly derived from the secondary material, that is, rebar, demonstrating the 
energy intensity of metallic products.
Table 4.23 Fossil fuel energy consumption of three structures - whole construction 1)
Model and Method Primary 2) Secondary 3) Overall implica.
1 Timber structure
Eco-Ind. 99 E/E 8.3 11.5 20.0
Eco-Ind. 99 H/A 11.0 4.7 16.0
2 Steel structure
Eco-Ind. 99 E/E 55.0 14.6 70.0
Eco-Ind. 99 H/A 22.7 11.7 34.4
3 RC structure
Eco-Ind. 99 E/E 11.0 39.0 50.20
Eco-Ind. 99 H/A 14.0 26.0 40.0
1) The appraisal results of both Eco-Indicator 99 versions are in the form of MJ 
surplus. Finally, the results shown here are the outcomes per m2 of floor area.
2) The primary materials in three structures refer to stack-of-plank, steel and 
concrete, respectively.
3) The secondary materials in three structures refer to steel, reinforced concrete 
and rebar, respectively.
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The life-cycle fossil fuel energy consumption for the three structures is shown in Table 4.24. 
The efficiency of the disposal scenario associated with each specific material is integrated in 
the evaluation.
Among the three constructions, the timber structure depletes the smallest amount of fossil 
fuel. Based on material recycling, the timber building demonstrates an energy-productive 
performance. This efficiency is mainly derived from the bio-mass of wood. Two disposal 
scenarios reveal divergent effects of different strategies for dealing with abandoned timber. 
The recovery mode leads to significantly better productivity than the reuse mode does. This 
is attributed to the enormous amount of energy that is recoverable from wooden C&DW and 
its margin is considerably greater than the embodied consumption. Nevertheless, the reuse 
mode exhibits energy productivity as well. In addition to timber’s efficiency, the life-cycle 
energy of steel decreases sufficiently depending on material reuse. These prerequisites 
result in a small impact of the wooden house.
Table 4.24 Fossil fuel energy consumption of three structures - LC of whole construction 1)
Model and Method Primary 2) Secondary 3) Overall implica.
1_1 Timber_recovery
Eco-Ind. 99 E/E -236.0 4.3 -231.0
Eco-Ind. 99 H/A -232.0 4.8 -227.0
1_2 Timber_reuse
Eco-Ind. 99 E/E -24.0 4.3 -20.0
Eco-Ind. 99 H/A -20.0 4.8 -15.5
2 Steel structure
Eco-Ind. 99 E/E 21.0 13.0 34.0
Eco-Ind. 99 H/A 23.0 14.0 38.0
3 RC structure
Eco-Ind. 99 E/E 29.0 15.5 44.0
Eco-Ind. 99 H/A 31.0 17.4 49.0
1) The appraisal results of both Eco-Indicator 99 versions are in the form of MJ 
surplus. Finally, the results shown here are the outcomes per m2 of floor area.
2) The primary materials in three structures refer to stack-of-plank, steel and 
concrete, respectively.
3) The secondary materials in three structures refer to steel, reinforced concrete 
and rebar, respectively.
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Whereas some ambiguity arises with regard to the embodied energy of the SC and RC 
structures, the life-cycle depletion of these buildings demonstrates a consistent tendency 
according to both evaluation methods. The RC structure consumes the greatest amount of 
fossil fuels: at least 30% more compared to SC. Furthermore, the contribution of the 
contents within RC differs from their embodied implication. While rebar leads to higher 
consumption in early life-cycle phases, the total requirement of rebar is considerably lower 
than the depletion due to concrete.
Table 4.25 shows the total energy consumption of the primary materials. The impacts 
related to different life-cycle stages are collectively displayed. As far as the stack-of-plank is 
concerned, the energy feedback from the disposal scenario is explicitly revealed. Although 
the recovery mode helps generate a tremendous amount of energy, it may not be the 
optimal strategy for dealing with wood-based C&DW. The disposal scenario based on reuse 
demonstrates not only material-saving efficiency but also sufficient energy productivity. The 
overall performance achieves an equilibrium for a variety of aspects. Nevertheless, the 
optimal approach for the use of timber elements remains flexible.
Table 4.25 Fossil fuel energy consumption of three materials - primary material only 1)
Model and Method Embodied 2) Disposal scenario Overall implica.
1_1 Timber_recovery
Eco-Ind. 99 E/E 8.0 -244.0 -236.0
Eco-Ind. 99 H/A 11.0 -243.0 -232.0
1_2 Timber_reuse
Eco-Ind. 99 E/E 8.0 -33.0 -24.0
Eco-Ind. 99 H/A 11.0 -32.0 -20.0
2 Steel
Eco-Ind. 99 E/E 55.0 -35.0 21.0
Eco-Ind. 99 H/A 22.7 0.6 23.3
3 Concrete
Eco-Ind. 99 E/E 11.0 18.0 29.0
Eco-Ind. 99 H/A 14.0 17.0 31.0
1) The appraisal results of both Eco-Indicator 99 versions are in the form of MJ 
surplus. Finally, the results shown here are the outcomes per m2 of floor area.
2) The embodied consumption is equal to the second column in Table 4.23.
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Steel’s life-cycle depletion is significantly reduced by means of recycling. Although the 
embodied consequences that are derived from the two methods differ from each other, the 
results for life-cycle consumption converge when the disposal scenario is considered. This 
phenomenon indicates that the design of the disposal scenario adequately corresponds to 
realistic circumstances and contributes to the achievement of a convergent LCA result.
Concrete shows a contradiction with regard to the life-cycle fossil fuel consumption. The 
energy consumption due to the disposal scenario is greater than the embodied energy, 
demonstrating bad efficiency of material reuse. Industrial processes for retrieving 
aggregates and preparing cement are energy-intensive. Although recycling concrete helps 
save aggregates, the re-manufacturing process leads to more critical depletion in terms of 
fossil fuels.
The cluster bars in Figures 4.21 and 4.22 depict the life-cycle energy consumption of the 
entire building and the primary material, respectively. Figure 4.23 illustrates the life-cycle 
fossil fuel use of associated materials. A variety of bars in this diagram show the magnitudes 
of different materials and the overall consequence is therefore illustrated.
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4.4.3 Contribution of Process
A series of material flow networks related to GWP and fossil fuel are displayed in this 
section to illustrate the contribution and allocation of associated processes and materials. 
Basically, the implications of these flowcharts have been explained in Chs. 4.2.3 and 4.3.3. 
For example, the meaning of Figures B-23 to B-26 (see Appendix B) is similar to the 
statements in Ch. 4.3.3 on similar wooden products. On the other hand, the discussion in 
Ch. 4.2.3 is also applicable to the situation with regard to steel and concrete here. Therefore, 
this section simply supplies complementary comments, especially regarding the effect of 
the disposal scenario.
The relation of material flow with the GWP and fossil fuel consumption of steel is delineated 
in Figures B-27 and B-28, respectively. Reuse of steel results in significant efficiency, which 
alleviates these categories of environmental impacts. As stated in Section 4.2.3, the 
production of pig iron accounts for an enormous proportion of the energy depletion. 
Recycling steel helps reduce the quantity of pig iron used and subsequently decreases the 
ecological burden. Although industrial processes like steel-making and transportation are 
required, the disposal scenario does not generate extreme environmental impacts. The 
outcomes due to transportation are too small to be contained in these networks. The 
conclusions of Ch. 4.2.3 and this section comprehensively indicate the potential to control 
the life-cycle impact of steel.
Figures B-29 and B-30 illustrate the GWP and fossil fuel depletion of concrete, respectively. 
As shown in the flowcharts, cement accounts for the majority of the life-cycle impact. 
Producing cement not only requires a great deal of fossil fuel energy but also generates high 
greenhouse gases emissions due to the chemical reaction. According to the statement in 
Section 4.2.3, managing the consumption of cement contributes to reducing the impact. 
With regard to both production and regeneration, however, cement is not recoverable and 
must be further consumed for re-manufacturing concrete. It is not possible to reduce the 
application of cement in order to reduce the environmental impact. Moreover, retrieving 
aggregates leads to enormous demand for energy. These characteristics inevitably limit the 
efficiency of material reuse and result in ecological rigidity of concrete.
4.4.4 Other Issues
The amount of fossil fuel resources depletion is a complementary basis for comprehensively 
comparing the energy demand of the material and structure. The life-cycle consumption is 
accordingly shown in Table 4.26.
The wooden products possess negative numbers about the evaluation outcomes with 
regard to all resources, demonstrating the positive feedback for fossil fuels. Steel consumes 
an extremely large amount of hard coal for energy production and chemical reactions. Due to 
the industrial process, which requires a stable heating supply, steel consumes a large 
amount of natural gas as well. Besides, rebar exhibits similar outcomes as steel. Therefore, 
the metallic products significantly increase the consumption of natural gas for the related 
constructions. In other words, steel accounts for a significant proportion of natural-gas 
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depletion. For example, the natural-gas demand of the RC construction is primarily due to 
the rebar, whose margin is explicitly delineated in the chart in Figure 4.25. Concrete 
depletes a considerable amount of crude oil. The RC building consumes the largest quantity 
of oil, and concrete accounts for the majority of this consumption. Figure 4.26 depicts the 
dominant contribution from the concrete part of the RC structure.
Table 4.26 Fossil fuel resources of associated materials
Material Coal (kg/m2) 1) Natural gas (m3/m2) 2) Crude oil (kg/m2)
Timber_recovery -3.58 -1.93 -1.13
Timber_reuse -0.35 -0.16 -0.13
Steel in Timber 3) 0.87 0.50 0.33
Steel in SC 4.20 2.40 1.60
Concrete in SC 0.76 0.20 0.57
Re-bar in SC 0.89 0.53 0.35
Concrete in RC 2.62 0.67 1.95
Re-bar in RC 3.05 1.81 1.19
1) The amount only refers to the hard coal used for industrial furnace.
2) The natural gas applied for industrial furnace, without off-shore gas.
3) The steel joints applied in the timber structure.
Figures 4.24 to 4.26 illustrate the fossil fuel depletion associated with each building material. 
The length of the bar indicates the magnitude. In addition, the superposition of various 
materials diagrammatically reveals the appraisal results for the whole structure.
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Figure 4.24 Hard coal use of diverse structural materials
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Figure 4.25 Natural gas use of diverse structural materials
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5 DISCUSSION AND COMPARISON
Besides the mathematical comparisons presented in the previous chapter, this chapter aims 
to comprehensively examine the estimated consequences. The prerequisites and the 
subsequent LCA results are discussed together. The results are compared using multi-
dimensional frameworks. The conclusions contribute to a review of the the circumstances of 
the building industry and indicate an orientation for sustainable solutions.
5.1 CONCLUSION FROM ASSESSMENT
This part reviews the four sets of LCAs, examines the correlation between four appraisals, 
and draws conclusions from a series of data. Although based on diverse simulation 
prerequisites, four estimations are intended to demonstrate the integral subject of the 
building’s ecological efficiency. Therefore, inspecting the results and determining their 
proportions helps to systematically reveal the ecological efficiency of various types of 
constructions.
5.1.1 Diverse Timber Structures
Table 5.1 shows the representative environmental indicators of four structural systems of 
timber buildings, including the V/A ratio, GWP, and fossil fuel energy consumption.
Table 5.1 Material consumption and environmental indicator of timber structure
Indicator Board system Post-&-beam Comp. w 1) Comp. o 2)
V/A ratio Mean 0.20 0.16 0.43 0.16
Deviation 0.09 0.05 0.24 0.05
GWP 3) Mean -150.00 -114.00 -333.00 -86.00
Deviation 69.00 41.00 190.00 60.00
Energy 4) Mean 20.00 23.00 47.00 43.00
Deviation 8.60 10.00 21.00 32.00
Energy 5) Mean 27.00 32.00 63.00 32.00
Deviation 11.60 13.70 29.00 15.00
1) Wood-based compound
2) Composite construction with other building materials
3) The unit is kg CO2-eq. per square metre of the floor area.
4) 5) These values refer to the fossil fuel energy figured out by egalitarian and 
hierarchist versions of Eco-indicator 99, respectively. The unit is MJ surplus 
per square metre of the floor area.
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The scopes of analysis of these structural systems are not completely congruent. As stated 
in Ch. 4.1, the first, second, and fourth systems retain similar boundaries, while the third 
structure possesses a larger appraisal scope. The V/A ratio of each category proves this 
difference. The third category of structural system, that is, the wood-based compound 
building, exhibits considerably greater magnitudes in terms of both climate change and fossil 
fuel indicators. This system comprises all structural components and inevitably results in 
larger margins of evaluation results. It is not rational to compare the energy intensities of 
these four structural systems. Nevertheless, the estimation results demonstrate that the 
larger application of the wooden element helps enhance the GWP mitigation efficiency of 
the entire assembly.
The discrepancy between the LCA results of the other three categories demonstrates 
another consequence. While the previous paragraph reveals the influence of the quantity of 
wooden components, comparing the other structural systems allows the significance of the 
quality of timber products to be verified. The environmental impact of each system does not 
accordingly and linearly reflect the V/A ratio. Instead, the post-and-beam system consumes 
more fossil fuels, despite utilising less wood. The highly industrialised timber leads to a rise 
in embodied energy. For example, glue-laminated timber consumes significantly more fossil 
fuel energy than sawn timber or stack-of-plank does. The energy flowchart delineates the 
energy intensity of associated treatments or fasteners like glue. On the other hand, the 
highly engineered timber has a similar GWP performance to simple wooden elements. This 
is attributed to the enormous application of wood during production. In spite of equivalent 
mitigating consequences, laminated timber may imply very high usage of raw material in a 
non-conservative way. Although engineered timber exhibits higher structural capacity, its 
overall performance needs to be determined.
The compound building comprises a larger amount of embodied energy and offers a smaller 
climate change alleviation. This is due to the energy-intensive building materials used in this 
structural system. Utilising other materials influences the ultimate ecological performance of 
the wooden construction.
5.1.2 Timber and Other Constructions
The estimations in Chs. 4.2, 4.3, and 4.4 quantitatively reveal the environmental 
performance of various constructions made of different building materials. Table 5.2 displays 
the important environmental indicators associated with the investigated construction 
models, including both embodied and life-cycle impacts. A series of data quantitatively 
demonstrates the ecological efficiency of timber structure. Compared to other building 
materials, the wooden construction causes a lower burden. While the embodied 
consequences of wooden buildings are already better, their life-cycle implications  further 
demonstrate greater efficiency in terms of reducing greenhouse gases emissions and fossil 
fuel depletion.
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Table 5.2 Environmental implications of diverse constructions
Indicator Scope Study Wooden 1) SC RC 2) Concrete
Ch.4.2 -200.0 197.0 150.0 73.0
Embodied Ch.4.3 -35.0 127.0 68.0
GWP 3) Ch.4.4 -83.0 60.0 78.0 38.0
Ch.4.2
Life Cycle Ch.4.3 -41.0 -4.2 84.0 58.0
Ch.4.4 -97.0 -9.0 23.0 50.0 33.0
Ch.4.2 20.0 180.0 95.0 21.0
Embodied Ch.4.3 3.5 77.0 20.0
Fossil fuel E. 4) Ch.4.4 8.3 55.0 50.0 11.0
Ch.4.2
Life Cycle Ch.4.3 -100.0 -9.6 74.0 51.0
Ch.4.4 -240.0 -24.0 21.0 44.0 29.0
Ch.4.2 27.0 81.0 77.0 29.0
Embodied Ch.4.3 4.7 63.0 25.0
Fossil fuel H. 5) Ch.4.4 11.0 23.0 40.0 14.0
Ch.4.2
Life Cycle Ch.4.3 -98.0 -9.0 81.0 56.0
Ch.4.4 -230.0 -20.0 23.0 49.0 31.0
1) only refers the massive timber structure.
2) The RC consists of concrete and re-bar. In order to inspect the outcome 
due to concrete, concrete’s results are independently shown in the last 
column.
3) The unit is kg CO2-eq. per square metre of the floor area.
4) 5) These values refer to the fossil fuel energy figured out by egalitarian and 
hierarchist versions of Eco-indicator 99, respectively. The unit is MJ 
surplus per square metre of the floor area.
As shown in Table 5.2, the embodied energy of timber structures is significantly lower than 
that of steel and RC constructions. Steel construction (SC) consumes the greatest amount 
of fossil fuel in almost all estimations. With regard to the analytical results presented in Ch. 
4.4, however, the energy requirement of SC is significantly lower compared to Ch. 4.2. This 
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is attributed to the structurally efficient material property of steel, especially in terms of 
seismic behaviour. SC can achieve a certain earthquake resistance with less volume 
depending on its excellent strength-to-weight ratio. Lower consumption of raw material 
helps diminish the embodied energy of SC. The RC building also consumes significantly 
more embodied fossil fuels than the wooden one does. The rebar accounts for the majority 
of the energy demand of RC. Even when only the concrete part is taken into account, the 
concrete’s energy consumption is higher than that of the whole of the wooden building. The 
discrepancy determined in Ch. 4.4 is greater than that in Ch.4.2, since the timber structure 
can attain the required horizontal stiffness against earthquakes with a smaller volume 
compared to RC. Due to the extreme self-weight of associated materials, the RC 
construction exhibits worse seismic behaviour and needs more materials and larger 
dimensions to obtain the necessary horizontal rigidity. The evaluated difference in Ch. 4.3 is 
still larger than the margin shown in Ch. 4.2. This is essentially due to the inferior thermal 
performance of concrete. In order to acquire the same thermal inertia, the RC wall has to 
utilise an extremely large amount of materials, primarily concrete. Therefore, the analysis of 
Ch. 4.3 determines an extraordinary discrepancy between the results of the wooden and RC 
buildings.
As far as the GWP indicator is concerned, the timber structure is able to ameliorate it 
efficiently. In contrast , the SC and RC construction cause certain magnitudes of climate 
change impacts. Generally, the SC generates higher greenhouse gases emissions than the 
RC does. Some critical processes in steel making and concrete production lead to the 
majority of their total burdens. While fossil fuel energy dominates the GWP result of steel, 
concrete’s climate change impact mainly results from the cement production, including the 
industrial energy and chemical reactions. In order to decrease the life-cycle emissions, the 
strategies for steel and concrete are similar; namely, critical factors are reduced. Owing to 
the material properties, however, the treatments may result in divergent consequences.
5.1.3 LCA of Building Materials
The life-cycle ecological implications of the three constructions differ from the tendency of 
their embodied consequences. While the efficiency of the wooden structure intensifies, the 
discrepancy between the SC and RC models is reversed. This can be explained by the 
recycling scenario of each building material. Table 5.2 collectively shows the embodied and 
life-cycle implications and elucidates the deviation between these estimation scopes.
Although different reuse strategies of wooden products lead to diverse consequences, the 
life-cycle performance of the timber construction is basically improved in positive ways. The 
recovery mode magnifies the mitigation effect of the timber building, while the reuse 
strategy diminishes the margin to a neutral level. Nevertheless, the overall result retains the 
efficiency required to ameliorate the climate change impact. As far as fossil fuel 
consumption is concerned, both recycling scenarios make the wooden structure energy-
productive, which is not achievable by other materials. This is attributed to very high bio-
mass energy within the wood, which is greater than the energy used for manufacturing the 
building components. Thus, the recovery scenario exhibits significant energy-productive 
efficiency. Although the energy reproductivity of the reuse mode is not as great as that of 
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the recovery one, reusing timber elements reveals material-conservative ways to utilise 
natural resources. The optimal strategy for dealing with wooden C&DW remains flexible and 
capable of further study.
Steel’s life-cycle outcome is significantly enhanced by means of recycling. Since reusing 
steel scrap leads to savings in pig iron production, which is the dominant factor for the 
environmental burden, the total impact is sufficiently reduced. Both the GWP and the fossil 
fuel indicator reveal a consistent tendency. Meanwhile, rebar’s life-cycle consequences 
demonstrate the same improvement, which is conducive to alleviating the total impact 
caused by RC construction.
Reusing concrete results in a decrease of the climate change impact. With regard to the 
magnitude, however, the enhancement is not significant. Although the simulation assumes 
that the concrete is recycled completely, it reduces the GWP by only 15%. As far as fossil 
fuel consumption is concerned, the consequences demonstrate contradictory phenomena. 
The life-cycle energy consumption increases after reuse. Unlike the recycling of other 
materials, concrete’s disposal scenario causes considerable fossil fuel depletion, whose 
margin is even larger than the embodied energy. Therefore, concrete’s life-cycle fossil fuel 
rises by more than 120% compared to the embodied consumption.
The life-cycle-based appraisal magnifies the environmental efficiency of timber construction. 
The discrepancy between wooden and other buildings increases for both indicators. The 
mitigation and reproduction efficiency is not achievable by other construction models. 
Meanwhile, SC’s life-cycle impacts are lower than those of the RC construction. Although it 
causes the largest burdens in early life-cycle phases, SC exhibits a significant improvement 
with material recycling and subsequently achieves higher eco-friendly efficiency compared 
to the RC building.
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5.2 DISPOSAL SCENARIO (DS)
As explained in previous sections, the recycling framework influences the life-cycle impacts 
of individual materials considerably. Scrutinising the processes associated with reuse allows 
the reasons to be elucidated in order to identify the dominant factors. This section consists 
of a series of charts that concretely illustrate the disposal scenario. These clustered bars 
refer to the impacts due to various life-cycle stages, including embodied, material reuse, 
disposal scenario, and total life-cycle outcomes. The total life-cycle impact is the sum of the 
embodied impact and the disposal scenario’s impact. The disposal scenario comprises the 
material reuse and other related processes.
5.2.1 Wood
Figures 5.1 and 5.2 depict the GWP and fossil fuel indicators of a timber structure recycled 
by means of the recovery strategy. The climate change mitigation efficiency is primarily 
derived from the wood itself. Meanwhile, the bio-mass recovery helps improve the total 
amelioration consequence. Depending on the recovered energy, a wooden product exhibits 
considerable energy-productive efficiency. Although producing structural elements requires 
a certain amount of fossil fuel, the margin is significantly lower than the bio-mass energy. As 
depicted by these charts, the processes required for reuse, including sawing and 
transportation, and the required energy only cause a small impact in terms of both 
indicators.
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Figure 5.1 Disposal scenario of wood - GWP - recovery
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Figure 5.2 Disposal scenario of wood - fossil fuel - recovery
The reuse strategy demonstrates divergent consequences with regard to the life-cycle 
performance of timber construction. As shown in Figure 5.3, the alleviating effect on GWP is 
diminished by reuse of the material. Nevertheless, relevant processes for reuse only 
account for a tiny proportion and the total performance retains a positive impact on climate 
change mitigation. Figure 5.4 delineates the LCA results for fossil fuel energy. In spite of the 
lower margin compared to the recovery mode, the life-cycle energy retains reproductive 
efficiency. According to the simulation setup, the reuse mode implies a greater magnitude 
for refining wooden products and thus a smaller quantity of C&DW for bio-mass recovery. 
Nevertheless, the industrial energy required to deal with recycled timber is significantly 
lower than the amount recovered. On the other hand, reusing material results in a 
considerable energy-saving effect, which is proved by the negative value of the estimate. 
Therefore, the disposal scenario reveals sufficient energy-productivity, whose value is larger 
than the demand in early life-cycle stages. The processes related to recycling, for example 
sawing, transportation, and incineration, only cause a few impacts compared to primary 
factors.
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5.2.2 Steel
Figures 5.5 and 5.6 illustrate the ecological performance of the steel building. As depicted in 
these charts, the material reuse causes considerable feedback for the environmental impact. 
Reproducing steel generates less than 40% of the impact of the original steel. Thus, the 
disposal scenario contributes to sufficiently decreasing the overall burden. In spite of the 
treatments necessary for recycling like transportation and landfilling, the outcomes due to 
these processes are relatively small. Such a tendency demonstrates the potential of reusing 
steel. Although steel causes very high embodied impacts, its life-cycle performance can be 
significantly ameliorated by appropriate reuse. As demonstrated in the previous section, the 
steel construction results in lower environmental impact than the RC building does from a 
life-cycle point of view.
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Figure 5.6 Disposal scenario of steel - fossil fuel
5.2.3 Concrete
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Figure 5.7 Disposal scenario of concrete - GWP
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The environmental impacts of concrete are shown diagrammatically in Figures 5.7 and 5.8. 
As delineated by the chart, concrete’s life-cycle GWP primarily results from the production 
phase. Although material reuse helps diminish the climate change impact, its magnitude is 
not significant. Due to the plaster mixing, the whole disposal scenario further increases and 
does not reveal an adequate alleviating effect. While the concrete is assumed to be totally 
recycled, the life-cycle GWP decreases by only about 15% compared to the embodied 
impact. Figure 5.8 illustrates the life-cycle fossil fuel consumption of concrete. The entire 
energy consumption rises tremendously after recycling. The disposal scenario causes 
considerable fossil fuel depletion due to some energy-intensive processes. Recovering 
aggregates from old concrete and preparing cement for new concrete require large amounts 
of fossil fuels. Besides, plaster mixing for concrete results in energy consumption. 
Meanwhile, the transportation depletes a certain quantity of energy, although there is a 
relatively short delivery distance. Due to these factors, reusing concrete does not decrease 
the fossil fuel demand. Instead, the total depletion rises by ca. 120% compared to the 
embodied energy. Nevertheless, it reduces the consumption of aggregates.
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Figure 5.8 Disposal scenario of concrete - fossil fuel
155
5.3 CONCLUSION
This section reviews the appraisal results in qualitative ways. Examining the logical 
correlation between estimation results helps verify the convergent tendency and certainty of 
the consequences. Furthermore, a comparison between these data and other studies’ 
conclusions is carried out to examine whether the assessments are in agreement with one 
another.
5.3.1 Within This Dissertation
A series of studies presented in Chs. 4.2, 4.3, and 4.4 demonstrates the environmental 
performance of timber buildings. Deriving from diverse functional bases, these appraisals 
identified the convergent tendency of the environmental indicators.
The estimations presented in Chs. 4.2 and 4.4 comprise similar analytical frameworks and 
objects, including wooden, steel, and RC constructions. The V/A ratios of timber structures 
in both evaluations differ owing to the different engineered timber elements and structural 
systems. Nevertheless, the alternative models in both estimations exhibit worse ecological 
efficiency and the margins are consistently high. The RC model in Ch. 4.2 uses about 3.7 
times more fossil fuels than the wooden one does, while the RC building in Ch. 4.4 
consumes approximately five times more embodied energy than the timber house does. 
The discrepancy is due to the greater amount of building material used in the RC structure in 
Ch. 4.4. To attain the same horizontal stiffness against earthquake, the RC construction has 
to apply a greater quantity of structural components and inevitably leads to higher embodied 
and consequent life-cycle impacts. With regard to the environmental impact as well as the 
associated material consumption, the analysed consequences retain a convergent tendency.
Table 5.3 Material consumption and embodied fossil fuel of various constructions
Wooden construction Steel construction RC construction
Study V/A 1) Energy V/A 2) Energy V/A 3) Energy
Ch. 4.2 0.26 20.00 0.0144 180.00 0.29 95.00
Ch. 4.3 0.05 3.50 -- -- 0.27 77.00
Ch. 4.4 0.11 8.30 0.0044 55.00 0.15 50.00
1) The volume associated with Ch. 4.3 refers to only the massive wooden wall.
2) The quantity used in Ch.4.2 consists of steel and aluminum. The amount used 
in Ch. 4.4 represents the steel skeleton.
3) The volume used in Ch.4.3 is only the RC wall. The quantity applied in Ch. 4.4 
comprises the whole building.
Furthermore, the conclusion of Ch. 4.3 reveals a magnified discrepancy between the 
ecological performance of wooden and non-wooden constructions. This essentially derives 
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from the thermal resistance of the timber wall. Owing to its adequate thermal conductivity, 
the wooden envelope requires a considerably smaller thickness compared to mineral-based 
walls such as brick and concrete. Due to very high consumption of materials, the RC 
envelope possesses much larger embodied and life-cycle impacts than the timber wall does.
Table 5.3 displays not only the deviation among timber structures but also the correlation 
between three different constructions. Although the V/A ratios differ from each other among 
diverse appraisals and models, the evaluated consequences remain a proportional 
expression. This consistency demonstrates the convergency and certainty of these 
estimates. Furthermore, life-cycle implications reveal congruent discrepancies and 
tendencies between timber and RC buildings.
Wooden structures exhibit better ecological efficiency than other constructions do when the 
assemblies are designed based on equal building behaviour. The thermal and seismic 
performance are fundamental indicators for a building and are chosen as the simulation 
prerequisites for estimations in this dissertation. The environmental performance of wooden 
products has been proved by numerous former studies. Comprehensive consideration of the 
functionalities as well as subsequent LCA results allows the integral efficiency of timber 
buildings to be underlined.
5.3.2 With Other Studies
Manthey et al. have carried out LCA of structural elements made of diverse materials [103]. 
Although they deal with different objects, their study considers the same building materials 
as this dissertation does. As concluded in [103], fibre-reinforced timber elements cause a 
neutral climate change impact because of the production of glass-fibre. Although the overall 
mitigation efficiency diminishes, the structural capacity and reliability are improved by the 
reinforcement. Steel and RC tubes generate significantly more greenhouse gas emissions 
compared to composite wooden components. With regard to energy consumption, steel 
tubing consumes the largest quantity of non-renewable energy among the three materials. 
The RC assembly consumes more than twice the amount of energy compared to the timber 
element. Table 5.4 displays the appraisal results of [103]. The tendency is consistent with 
the results of this dissertation. The discrepancy for each component is proportionally similar 
to the difference shown in Ch. 4.
Table 5.4 Environmental indicators of diverse tube elements [103]
Unit Timber * Steel RC hollow core
Weight kg 28.0 30.0 155.0
Energy MJ 140.0 720.0 330.0
Climate change kg CO2-eq 0.4 32.0 33.0
* This timber tube is reinforced by glass-fibre, which leads to greenhouse 
gases emission.
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Compared to the appraisal results illustrated in Figures 2.35 and 2.36, this dissertation 
demonstrates congruent conclusions regarding the ecological performance of various 
building materials. These figures and Ch. 4.2 reveal that the RC assembly consumes 
approximately four to six times the embodied energy of a wood-based product. While 
Figures 2.35 and 2.36 depict the energy consumption of simple structural elements, this 
dissertation deals with the LCA of the entire structure. Nevertheless, the results shown in 
Figures 2.35 and 2.36 are derived from a comparative evaluation and consistently verify the 
ecological efficiency of timber buildings. Meanwhile, these two figures illustrate the 
embodied implications of the assemblies made of brick and highly engineered timber. As 
demonstrated by the conclusion drawn in Ch. 4.3, the brick wall in Figure 2.36 possesses 
considerably higher embodied energy than the wooden one does. The difference between 
sawn timber and laminated timber is close to the result shown in Ch. 4.1.
Whereas Figures 2.35 and 2.36 diagrammatically show the environmental impacts during 
early life-cycle stages, this dissertation systematically extends the evaluation scope, 
including of the disposal scenario of the building materials. Furthermore, this dissertation 
takes various building functionalities into account, while former studies mainly evaluate 
elements with the same volume. In terms of both climate change and fossil fuel energy 
indicators, the sustainability of the wooden structure is consistently underlined when the 
estimation involves diverse aspects of building behaviour.
Gustavsson and Sathre have quantified the life cycle implications of timber-framed and RC-
framed building models, including similar boundary condition as this dissertation [63]. They 
have also taken into account the contribution from wood’s biomass residues. As shown in 
the conclusion, timber-frame building’s overall energy balance is -1,100 GJ and RC-framed 
model’s result is 260 GJ. The negative outcome indicates the energy-productivity of wooden 
products. Such consequences are consistent with the third and fourth appraisals of this 
dissertation, especially the timber models based on recovery strategies. On the other hand, 
the overall CO2 balance of timber-framed construction is -44.2 ton of carbon, while RC-
framed building’s outcome is -16.5 ton of carbon. The negative value of RC-framed results 
from the wooden components in this model. Although the CO2 balance shown in [63] is 
extrinsically different from this dissertation, the result indicates the same intrinsic property 
and circumstances of wood-based assembly.
Gerilla et al. have evaluated the life-cycle environmental impacts of wooden and RC 
structures [58]. As far as the four life-cycle phases are concerned, the RC building causes 
greater CO2, SOx, and NOx emissions than the timber one does. Meanwhile, Cole has 
determined the energy consumption resulting from the construction of three building 
materials: timber, steel, and concrete [27]. As indicated by the conclusion of [27], concrete 
buildings require significantly higher energy consumption on the building site compared to 
timber and steel constructions. Both consequences congruently prove the efficiency of 
wooden structures.
A comprehensive consideration of the conclusions of [27], [58], and this dissertation allows 
the environmental efficiency of wooden constructions to be demonstrated in a convergent 
way. As far as the embodied and construction energy are concerned, the timber building 
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uses significantly less fossil fuel than the RC one does. Although SC’s construction energy is 
lower than that of wooden structures, its margin is significantly smaller than the surplus in 
the embodied energy. Therefore, timber structures exhibit energy-saving efficiency with 
regard to both early life-cycle phases and the whole life span.
159
160
Reference
[1] Adalberth, K. (1997). Energy use during the life cycle of single-unit dwelling: 
examples. Building and Environment, 32(4), 321-329.
[2] Adalberth, K., Almgren, A., & Peterson, E. H. (2001). Life cycle assessment of four 
multi family buildings. International Journal of Low Energy and Sustainable 
Buildings, 2, 1-21.
[3] Alcorn, A. (2003). Embodied energy and CO2 coefficients for NZ building materials. 
Centre for Building Performance Research, Victoria University of Wellington. 
[4] Arrhenius, S. (1986, April). On the influence of carbonic acid in the air upon the 
temperature of the ground. Philosophical Magazine and Journal of Science. 41, 
237-276.
[5] Asif, M., Muneer, T., & Kelley, R. (2007). Life cycle assessment: A case study of a 
dwelling home in Scotland. Building and Environment, 42(3), 1391-1394.
[6] Barnthouse, L., Fava, J. A., Humphreys, K., Hunt, R. G., Laibson, L., Noesen, S., 
Norris, G., Owens, J., Todd, J. A., Vigon, B. W., Weitz, K., & Young, J. (1998). Life-
cycle impact assessment: The state-of-the-art. Report of the SETAC Life-cycle 
Assessment Impact Assessment Workgroup. 2nd. Edition. Pensacola, Florida, 
USA: SETAC.
[7] Basbagill, J., Flager, F., Lepech, M., & Fischer M. (2013). Application of life-cycle 
assessment to early stage building design for reduced embodied environmental 
impacts. Building and Environment, 60, 81-92.
[8] Bauen Mit Holz. (2009, January). Bereichsleitung Konstruktiver Holzbau / Dach-, 
Wand-, Abdichtungstechnik (1.2009). Köln, Germany: Albert Bruder. 
[9] Bauen Mit Holz. (2011, July-August). Bereichsleitung Konstruktiver Holzbau / Dach-, 
Wand-, Abdichtungstechnik (7-8.2011). Köln, Germany: Albert Bruder. 
[10] Bauen Mit Holz. (2011, September). Bereichsleitung Konstruktiver Holzbau / Dach-, 
Wand-, Abdichtungstechnik (9.2011). Köln, Germany: Albert Bruder. 
[11] Bauen Mit Holz. (2011, November). Bereichsleitung Konstruktiver Holzbau / Dach-, 
Wand-, Abdichtungstechnik (11.2011). Köln, Germany: Albert Bruder. 
[12] Bauen Mit Holz. (2012, December). Bereichsleitung Konstruktiver Holzbau / Dach-, 
Wand-, Abdichtungstechnik (12.2012). Köln, Germany: Albert Bruder. 
[13] Baumann, H., & Tillmann, A-M. (2004). An orientation in life cycle assessment 
methodology and application. In: The Hitch Hiker’s guide to LCA (44-51). Lund, 
Sweden: Studentlitteratur.
[14] Beaufort-Langeveld, A. S. H. de., Bretz, R., van Hoof, G., Hischier, M., Jean, P., 
Tanner, T., & Huijbregts, M. (2003). Code for life-cycle inventory practice. 
Pensacola, Florida, USA: SETAC Press.
161
[15] Blengini, G. A. (2009). Life cycle of buildings, demolition and recycling potential: A 
case study in Turin, Italy. Building and Environment, 44(2), 319-330.
[16] Blengini, G. A., & Garbarino, E. (2010). Resources and waste management in Turin 
(Italy): the role of recycled aggregates in the sustainable supply mix. Journal of 
Cleaner Production, 18(10-11), 1021-1030.
[17] Blengini, G. A., Garbarino, E., Šolar, S., Shields, D. J., Hámorf, T., Vinaig, R., & 
Agioutantis, Z. (2012). Life cycle assessment guidelines for the sustainable 
production and recycling of aggregates: the sustainable aggregates resource 
management project (SARMa). Journal of Cleaner Production, 27, 177-181.
[18] Börjesson, P., & Gustavsson, L. (2000). Greenhouse gas balances in building 
construction: wood versus concrete from life-cycle and forest land-use 
perspectives. Energy Policy, 28(9), 575-588.
[19] Boyd, C. W., Koch, P., McKean, H. B., Morschauser, C. R., & Preston, S. B. (1976). 
Wood for structural and architectural purposes: Panel II Report, Committee on 
Renewable Resources for Industrial Materials, Wood and Fiber, 8(1), 3-72.
[20] Bribian, I. Z., Usón, A. A., & Scarpellini, S. (2009). Life cycle assessment in 
buildings: State-of-the-art and simplified LCA methodology as a complement for 
building certification. Building and Environment, 44(12), 2510-2520.
[21] Buchanan, A. H., & Honey, B. G. (1994). Energy and carbon dioxide implications of 
building construction. Energy and Buildings, 20(3), 205-217.
[22] Buchanan, A. H., & Levine, S. B. (1999). Wood-based building materials and 
atmospheric carbon emission. Environmental Science & Policy, 2(6), 427-437.
[23] Bundesamt für Umweltschutz (BUS). (1984). Ökobilanzen von Packstoffen. 
Schriftenreihe Umweltschutz, Nr.24, Bern.
[24] Bundesministerium für Wirtschaft und Technologie. (2012). Energiedaten - 
ausgewählte Grafiken.
[25] Citherlet, S., & Defaux, T. (2007). Energy and environmental comparison of three 
variants of a family during its whole life span. Building and Environment, 42(2), 
591-598.
[26] Cole, R. J., & Kernan, P. C. (1996). Life-cycle energy use in office buildings. 
Building and Environment, 31(4), 307-317.
[27] Cole, R. J. (1999). Energy and greenhouse gas emission associated with the 
construction of alternative structural systems. Building and Environment, 34(3), 
335-348.
[28] Consoli, F., Allen, D., Boustead, I., Fava, J., Franklin, W., Jensen, A. A., de Oude, 
N., Parrish, R., Perriman, R., Postlethwaite, D., Quay, B., Séguin, J., & Vigon, B. 
(1993). Guidelines for life-cycle assessment: A code for practice. based on a SETAC 
workshop in Sesimbra, Portugal, 1993. Pensacola, FL: SETAC Press.
162
[29] Construction and Planning Agency in Ministry of the Interior ROC. (2011). Seismic 
design specification and commentary of buildings. Taipei, Taiwan: Construction 
Magazine Publisher. (in Chinese)
[30] Crosby, A. W. (2006). Children of the sun:  A history of humanity’s Unappeasable 
appetite for energy. New York, NY: W. W. Norton & Company Inc.  
[31] Dehne, M., Kruse, D., & Krüger, U. (2006, October). Fire protection in multi-storey 
timber construction. Detail, 10-2006, 1142-1144.
[32] Deplazes, A. (2007, November). Der Massivholzbau - Ursprung, Entwicklung, 
Perspektiven. In Doplazes et al. (Eds.), Massivholzbau, Lignatec 20/2007 (pp.3-8). 
Zürich, Switzerland: Lignum.
[33] Deplazes, A., Baumgartner, M., & Fischer, J. (2009, March). Fassadenbekleidung, 
(Lignatec 24/2009). Zürich, Switzerland: Lignum.
[34] DETAIL. (2007, June). Energy-Efficient Architecture (2007 6). München, Germany: 
Institut für internationale Architektur-Dokumentation.
[35] DETAIL. (2008, November). Timber Construction (2008 11). München, Germany: 
Institut für internationale Architektur-Dokumentation.
[36] DETAIL. (2010, October). Timber Construction (2010 10). München, Germany: 
Institut für internationale Architektur-Dokumentation.
[37] DETAIL. (2012, Jan./Feb.). Timber Construction (2012 1/2). München, Germany: 
Institut für internationale Architektur-Dokumentation.
[38] DETAIL Green. (2009, May). Zeitschrift für alle Aspekte des nachhaltigen Planens 
und Bauens (Ausgabe 1/2009). München, Germany: Institut für internationale 
Architektur-Dokumentation.
[39] DETAIL Green. (2009, November). Zeitschrift für alle Aspekte des nachhaltigen 
Planens und Bauens (Ausgabe 2/2009). München, Germany: Institut für 
internationale Architektur-Dokumentation.
[40] DETAIL Green. (2011, May). Zeitschrift für alle Aspekte des nachhaltigen Planens 
und Bauens (Ausgabe 1/2011). München, Germany: Institut für internationale 
Architektur-Dokumentation.
[41] Dimoudi, A., & Tompa, C. (2008). Energy and environmental indicators related to 
construction. Resources, Conservation and Recycling, 53(2), 86-95.
[42] Dozier, J., Schneider, S. R., & McGinnis, D. F. (1981). Effect of grain-size and 
snowpack water equivalent on visible and near-infrared satellite-observations of 
snow. Water Resources Research, 17(4), 1213-1221.
[43] ECOINVENT. (2007). Life Cycle Inventories of Production Systems. Ecoinvent data 
v2.0, Swiss Centre for Life Cycle Inventories, <http://www.ecoinvent.ch>
163
[44] Eriksson, E., Gillespie, A., Gustavsson, L., Langvall, O., Olsson, M., Sathre, R., & 
Stendahl, J. (2007). Integrated carbon analysis of forest management practices and 
wood substitution. Canadian Journal of Forest Research, 37(3), 671-681.
[45] Erkal, A. (2009). Zusammenfassung der Konstruktiven Besonderheiten des 7-
geschossigen Wohngebäudes in Holzskelettbauweise und Berechnung der 
umweltschädlichen Emissionen für die Herstellung des Tragwerks. Diplomarbeit 
des Instituts für Bauingenieurwesen, Technische Universität Berlin.
[46] Erlandsson, M., & Borg, M. (2003). Generic LCA-methodology applicable for 
buildings, constructions and operation services - today practice and development 
needs. Building and Environment, 38(7), 919-938.
[47] Fachkommission Bauaufsicht der Bauministerkonferenz. (2004, October). Muster-
Richtlinie über brandschutztechnische Anforderungen an hochfeuerhemmende 
Bauteile in Holzbauweise – M-HFHHolzR. DIBt Mitteilungen, 35(5), 161-168.
[48] Fava, J. A. (2002). Life Cycle Initiative: A joint UNEP-SETAC partnership to advance 
the life-cycle economy. International Journal of Life Cycle Assessment, 7(4), 
196-198.
[49] Fava, J. A. (2006). Will the next 10 years be as productive in advancing life cycle 
approaches  as the past 15 years? International Journal of Life Cycle Assessment, 
11, 6-8.
[50] Fava, J. A., Denison, R., Jones, B., Curran, M. A., Vigon, B., Selke, S., & Barnum, J. 
(1991). A technical framework for life-cycle assessment. SETAC workshop in 
Smugglers Notch Vermont, 18-23 August, 1990. Pensacola, FL.
[51] Fay, R., Treloar, G., & Iyer-Raniga, U. (2000). Life-cycle energy analysis of buildings: 
a case study. Building Research and Information, 28(1), 31-41.
[52] Feist, W. (1996). Life-cycle energy balances compared: Low-energy house, passive 
house, self-sufficient house. Proceeding of the International Symposium of CIB 
W67, Vienna, Austria, 183-190.
[53] Feist, W., Schnieders, J., Dorer, P., & Haas, Anne. (2005). Re-inventing air heating: 
convenient and comfortable within the frame of the Passive House concept. 
Energy and Buildings, 37(11), 1186-1203.
[54] Fink, P. (1997). LCA - How it came about. The roots of LCA in Switzerland: 
Continuous learning by doing. International Journal of Life Cycle Assessment, 2(3), 
131-134.
[55] Fischer, J. (2007, November). Produkte und Systeme für den Massivholzbau. In 
Deplazes, A., Baumgartner, M., & Fischer, J. (Eds.), Massivholzbau, Lignatec 
20/2007 (pp. 41-42). Zürich, Switzerland: Lignum.
[56] Forsberg, A., & von Malmborg, F. (2004). Tools for environmental assessment of 
the built environment. Building and Environment, 39(2), 223-228.
164
[57] Frischknecht, R., Althaus, H-J., Doka, G., Dones, R., Heck, T., Hellweg, S., Hischier, 
R., Jungbluth, N., Nemecek, T., Rebitzer, G., & Spielmann, M. (2000). Overview 
and methodology. Final report ecoinvent v2.0 No.1. Dübendorf. CH: Swiss Center 
for Life Cycle Inventories, <http://www.ecoinvent.org>
[58] Gerilla, G. P., Teknomo, K., & Hokao, K. (2007).  An environmental assessment of 
wood and steel reinforced concrete housing construction. Building and 
Environment, 42(7), 2778-2784.
[59] Girardet, H., & Mendonca, M. (2008). A renewable world: energy, ecology, equality. 
Totnes, Devon, UK: Green Books Ltd.
[60] Giudice, F., La Rosa, G., & Risitan, A. (2006). Product design for the environment: A 
life cycle approach. Broken Sound Parkway, NW: Taylor & Francis.
[61] Goldsmith, E., & Allen, R., Allaby, M., Davoll, J., & Lawrence, S. (1972, January). A 
blueprint for survival. The Ecologist, 2(1). London, England: Ecosystems Ltd
[62] Gustavsson, L., Pingoud, K., & Sathre, R., (2006). Carbon dioxide balance of wood 
substitution: comparing concrete- and wood-framed building, Mitigation and 
Adaptation Strategies for Global Change, 11(3), 667-691
[63] Gustavsson, L., & Sathre, R. (2006). Variability in energy and carbon dioxide 
balances of wood and concrete building materials. Building and Environment, 41(7), 
940-951. 
[64] Gustavsson, L., & Joelsson, A. (2010). Life cycle primary energy analysis of 
residential buildings. Energy and Buildings, 42(2), 210-220.
[65] Gustavsson, L., Joelsson. A., & Sathre, R. (2010). Life cycle primary energy use 
and carbon emission of an eight-storey wood-framed apartment building. Energy 
and Buildings, 42(2), 230-242.
[66] Hameury, S., & Lundström, T. (2004). Contribution of indoor exposed massive 
wood to a good indoor climate: in situ measurement campaign. Energy and 
Buildings, 36(3), 281-292.
[67] Hebersatter, K., & Widmer, F. (1990). Ökobilanzen von Packstoffen. In: Bundesamt 
für Umwelt, Wald und Landschaft - BUWAL (Ed.), (1991). Schriftenreihe 
Umweltschutz, Nr.24, Bern.
[68] Heijungs, R., Guinée, J. B., Huppes, G., Lankreijer, R. M., Udo de Haes, H. A., 
Wegener-Sleeswijk, A., Ansems, A. M. M., Eggels, P. G., van Duin, R., & de 
Goede, H. P. (1992). Environmental life cycle assessment of products. Guide (Part 
1) and Backgrounds (Part 2). prepared by Center of Environmental Science (CML), 
TNO and B&G, (in Dutch) Leiden. English version 1993.
[69] Herzog, T., Natterer, J., Schweitzer, R., Volz, M., & Winter, W. (2004). Timber 
construction manual. Basel, Switzerland: Birkhäuser Architecture. 
[70] Hunkeler, D., Saur, K., Rebitzer, G., Finkbeiner, M., Schmidt, W-P., Jensen, A. A., 
Stranddorf, H., & Christiansen, K. (2004). Life-cycle management. Pensacola, 
Florida, USA: SETAC Press.
165
[71] Hunt, R. G., & Franklin, W. E. (1996). LCA - How it came about. Personal reflections 
on the origin and development of LCA in the USA. International Journal of Life 
Cycle Assessment, 1(1), 4-7.
[72] Hunt, R. G., Franklin, W. E., Welch, R. O., Cross, J. A., & Woodall, A. E. (1974). 
Resource and environmental profile analysis of nine beverage container 
alternatives. EPA/530/SW-91c, United States Environmental Protection Agency, 
Office of Solid Waste Management Programs, Washington, DC.
[73] Hunt, R. G., Sellers, J. D., & Franklin, W. E. (1992). Resource and environmental 
profile analysis: A life cycle environmental assessment for products and 
procedures. Environment Impact Assessment Review, 12(3), 245-369.
[74] Informationsdienst Holz. (1997). Brettstapelbauweise. Düsseldorf, Germany: 
Arbeitsgemeinschaft Holz e.V.
[75] Informationsdienst Holz. (1999, May). Schalldämmend Holzbalken- und 
Brettstapeldecken. München, Germany: Entwicklungsgemeinschaft in der 
Deutschen Gesellschaft für Holzforschung.
[76] Informationsdienst Holz. (2000, December). Holzbausysteme. Düsseldorf, 
Germany: Arbeitsgemeinschaft Holz e.V.
[77] ISO 14040. (1997). Environmental management - Life cycle assessment - Principles 
and framework. International Organisation for Standardisation, Geneva. 
[78] ISO 14041. (1998). Environmental management - Life cycle assessment - Goal and 
scope definition and inventory analysis. International Organisation for 
Standardisation, Geneva. 
[79] ISO 14042. (2000). Environmental management - Life cycle assessment - Life cycle 
impact assessment. International Organisation for Standardisation, Geneva.
[80] ISO 14043. (2000). Environmental management - Life cycle assessment - Life cycle 
interpretation. International Organisation for Standardisation, Geneva.
[81] Jäde, H. (2002). Musterbauordnung MBO 2002 - Textsynopse der Fassungen 
Dezember 1997 und November 2002. München, Germany: Beck Juristischer 
Verlag.
[82] Jain, R. K., Urban, L. V., Stacey, G. S., & Balbach, H. E. (1993). Environmental 
Assessment. New York, NY: McGraw-Hill.
[83] Johnson, J., Reck, B. K., Wang, T., & Graedel, T. E. (2008). The energy benefit of 
stainless steel recycling. Energy Policy, 36(1), 181-192.
[84] Jungmeier, G., McDarby, F., Evald, A., Hohenthal, C., Petersen, A-K., Schwaiger, H-
P., & Zimmer, B. (2003). Energy aspects in LCA of forest products: Guideline from 
COST Action E9. International Journal of Life Cycle Assessment, 8(2), 99-105.
[85] Junnila, S., Horvath, A., Guggemos, A. (2006). Life-cycle assessment of office 
buildings in Europe and the United States. Journal of Infrastructure Systems, 12(1), 
10-17.
166
[86] Keeling, C. D. (1960). The concentration and isotopic abundances of carbon dioxide 
in the atmosphere. Tellus, 12(2), 200-203. 
[87] Keoleian, G. A., Blanchard, S. & Reppe, P. (2001). Life-cycle energy, costs, and 
strategies for improving a single-family house. Journal of Industrial Ecology, 4(2), 
135-156.
[88] Klöpffer, W. (2003). Life-cycle based methods for sustainable product 
development. International Journal of Life Cycle Assessment, 8(3), 157-159.
[89] Klöpffer, W. (2006). The role of SETAC in the development of LCA. International 
Journal of Life Cycle Assessment, 11, 116-122.
[90] Koch, P. (1992). Wood versus nonwood materials in US residential construction: 
some energy-related global implications. Forest Products Journal, 42(5), 31-42,
[91] Kolb, J. (2010). Holzbau mit System: Tragkonstruktion und Schichtaufbau der 
Bauteile. Basel, Switzerland: Birkhäuser.
[92] Kotaji, S., Schuurmans, A., & Edwards, S. (2003). Life-cycle assessment in building 
and construction: A state-of-the-art report. Pensacola, Florida, USA: SETAC Press.
[93] Lattke, F., & Lehmann, S. (2007). Multi-storey residential timber construction: 
Current development in Europe. Journal of Green Building, 2(1), 119-129.
[94] Lenzen, M., & Treloar, G. (2002). Embodied energy in buildings: wood versus 
concrete - reply to Börjesson and Gustavsson. Energy Policy, 30(3), 249-255.
[95] Lignum. (2000, May). Holzbulletin - Wohnsiedlungen (55/2000). Zürich, Switzerland: 
Lignum.
[96] Lignum. (2005, April). HWZ im Porträt - Leistung, dem Holz zuliebe. Zürich, 
Switzerland: Lignum.
[97] Lignum. (2008, March). Holzbulletin - Mehrgeschossige Wohnbauten (86/2008). 
Zürich, Switzerland: Lignum.
[98] Lignum. (2008, September). Holzbulletin - Energieeffiziente Wohnbauten (88/2008). 
Zürich, Switzerland: Lignum.
[99] Lignum. (2008, December). Holzbulletin - Schulen (89/2008). Zürich, Switzerland: 
Lignum.
[100] Lignum. (2009, March). Holzbulletin - Ausdrucksstarke Bürobauten (90/2009). 
Zürich, Switzerland: Lignum.
[101] Linse, T., & Natterer, J. (2008, December). Ein 7-Geschosser (fast) ganz aus Holz - 
Konstruktive Details eines Pilotprojekts. Bauingenieur, Band 83, 531-539.
[102] Lippke, B., Wilson, J., Perez-Garcia, J., Bowyer, J. & Meil, J. (2004). CORRIM: life-
cycle environmental performance of renewable building materials. Forest Products 
Journal, 54(6), 8-19.
167
[103] Manthey, C., Guenther, E., Heiduschke, A., Haller, P., Heistermann, T., Veljkovic, 
M., & Hájek, P. (2012). Structural, economic and environmental performance of 
fibre-reinforced wood profiles vs. solutions made of steel and concrete. IALCCE 
2012 Vienna.
[104] Mithraratne, N., & Vale, B. (2004). Life cycle analysis model for New Zealand 
houses. Building and Environment, 39(4), 483-492.
[105] Nässén, J., Holmberg, J., Wadeskog, A., & Nyman, M. (2007). Direct and indirect 
energy use and carbon emissions in the production phase of building: An input-
output analysis. Energy, 32(9), 1593-1602.
[106] Oberbacher, B., Nikodem, H., & Klöpffer, W. (1996). LCA - How it came about. An 
early systems analysis of packaging for liquids which would be called an LCA 
today. International Journal of Life Cycle Assessment, 1(2), 62-65.
[107] Ortiz, O., Castells, F., & Sonnemann, G. (2009). Sustainability in the construction 
industry: A review of recent development based on LCA. Construction and Building 
Materials, 23, 28-39.
[108] Pennington, D. W., Potting, J., Finnveden, G., Lindeijer, E., Jolliet, O., Rydberg, T., 
& Rebitzer, G. (2004). Life cycle assessment Part 2: Current impact assessment 
practice. Environment International, 30(5), 721-739.
[109] Petersen, A. K., & Solberg, B. (2004). Greenhouse gas emissions and cost over the 
life cycle of wood and alternative flooring materials. Climate Change, 64(1-2), 
143-167.
[110] Petersen, A. K., & Solberg, B. (2005). Environmental and economic impacts of 
substitution between wood products and alternative materials: a review of micro-
level analyses from Norway and Sweden. Forest Policy and Economics, 7(3), 
249-259.
[111] Peuportier, B. L. P. (2001). Life cycle assessment applied to the comparative 
evaluation of single family houses in the French context. Energy and Buildings, 
33(5), 443-450.
[112] Ramesh, T., Prakash, R., & Shukla, K. K. (2010). Life cycle energy analysis of 
buildings: An overview. Energy and Buildings, 42(10), 1592-1600.
[113] Rebitzer, G., & Ekvall, T. (2004). Scenarios in life-cycle assessment. Pensacola, 
Florida, USA: SETAC Press.
[114] Rebitzer, G., Ekvall, T., Frischknecht, R., Hunkeler, D., Norris, G., Rydberg, T., 
Schmidt, W.-P., Suh, S., Weidema, B. P., & Pennington, D. W. (2004). Life cycle 
assessment Part 1: Framework, goal and scope definition, inventory analysis, and 
applications. Environment International, 30(5), 701-720.
[115] Revelle, R., & Suess, H. E. (1957). Carbon dioxide exchange between atmosphere 
and ocean and the question of an increase of atmospheric CO2 during the past 
decades. Tellus, 9(1), 18-27.
168
[116] Rossi, B., Marique, A-F., Glaumann, M., & Reiter, S. (2012). Life-cycle assessment 
of residential buildings in three different European locations, basic tool. Building 
and Environment, 51, 395-401. 
[117] Sára, B., Antonini, E., & Tarantini, M. (2001). Application of life cycle assessment 
(LCA) methodology for valorization of building demolition materials and products. 
In: Gupta, S. M. (Ed.), (2001). Environmentally concious manufacturing, Proceeding 
of SPIE, vol. 4193, 382-390.
[118] Sartori, I., & Hestnes, A. G. (2007). Energy use in the life cycle of conventional and 
low-energy buildings: A review article. Energy and Buildings, 39(3), 249-257
[119] Sathre, R., & Gustavsson, L. (2009). Using wood products to mitigate climate 
change: External costs and structural change. Applied Energy, 86(2), 251-257.
[120] Scheuer, C., Keoleian, G. A., & Reppe, P. (2003). Life cycle energy and 
environmental performance of a new university building: modeling challenges and 
design implications. Energy and Buildings, 35(10), 1049-1064.
[121] Smet, B. (1990, September). Life cycle analysis for packaging environmental 
assessment. Proceedings of the specialized workshop, Leuven, Belgium.
[122] Spoerri, A., Lang, D. J., Binder, C. R., & Scholz, R. W. (2009). Expert-based 
scenarios for strategic waste and resource management planning - C&D waste 
recycling in the Canton of Zurich, Switzerland. Resources, Conservation and 
Recycling, 53, 592-600.
[123] Tam, V. W. Y., & Tam, C. M. (2006). A review on the viable technology for 
construction waste recycling. Resources, Conservation and Recycling, 47(3), 
209-221.
[124] Thormark, C. (2000). Environmental analysis of a building with reused building 
materials. International Journal of Low Energy and Sustainable Buildings, 1.
[125] Thormark, C. (2002). A low energy building in a life cycle – its embodied energy, 
energy need for operation and recycling potential. Building and Environment, 37(4), 
429-435.
[126] Thormark, C. (2006). The effect of material choice on the total energy need and 
recycling potential of building. Building and Environment, 41(8), 1019-1026.
[127] Todd, J. A., & Curran, M. A. (1999). Streamlined life-cycle assessment: A final 
report from the SETAC North America Streamlined LCA Workgroup. Pensacola, 
Florida, USA: SETAC Press.
[128] Töpfer, K. (2002). Editorial for International Journal of Life Cycle Assessment on the 
launch of the UNEP-SETAC Life Cycle Initiative. International Journal of Life Cycle 
Assessment, 7(4), 191.
[129] Treloar, G. J. (1997). Extracting embodied energy paths from input-output tables: 
Toward an input-output-based hybrid energy analysis method. Economic Systems 
Research, 9(4), 375-391.
169
[130] Treloar, G. J., Fay, R., Love, P. E. D., & Iyer-Raniga, U. (2000). Analysing the life-
cycle energy of an Australian residential building and its householders. Building 
Research & Information, (28)3, 184-195.
[131] Treloar, G. J., Love, E. D., & Holt, G. D. (2001). Using national input-output data for 
embodied energy analysis of individual residential buildings. Construction 
Management and Economics, 19(1), 49-61.
[132] Tzonis, A. (2006). Rethinking design methodology for sustainable social quality. In: 
Ban, J-H., & Ong, B-L. Tropical sustainable architecture (17-28). Oxford, UK: 
Architectural Press.
[133] U.S. Environmental Protection Agency. (2003). Background document for life-cycle 
greenhouse emission factors for clay brick reuse and concrete recycling. (EPA530-
R-03-017).
[134] Udo de Haes, H. (1992). General framework for environmental life-cycle 
assessment of products. In: SETAC-Europe (Ed.), (1992). Life-cycle assessment 
(21-28). Workshop report, Leiden, 2-3 December, 1991.
[135] Udo de Haes, H. A., Jolliet, O., Norris, G., & Saur, K. (2002). Life Cycle Initiative: 
Backgrounds, aims and scope. International Journal of Life Cycle Assessment, 7(4), 
192-195.
[136] United Nations. (1992). Rio declaration on environment and development. A/CONF.
151/26.
[137] United Nations. (2002). Johannesburg declaration on sustainable development. A/
CONF.199/20.
[138] Van der Ryn, S., & Cowan, S. (1996). Ecological Design. Washington, DC: Island 
Press.
[139] Verbeeck, G., & Hens, H. (2010). Life cycle inventory of buildings: A calculation 
method. Building and Environment, 45(4), 1037-1041.
[140] Vigon, B. W., Tolle, D. A., & Cornary, B. W. (1993). Life cycle assessment: 
Inventory guidelines and principles (EPA/600/R-92/245). United States 
Environmental Protection Agency, Cincinati, OH.
[141] Vismann, U. (Ed.). (2009). Wendehorst Bautechnische Zahlentafeln. Wiesbaden, 
Germany: Vieweg + Teubner Verlag.
[142] Wallhagen, M., Glaumann, M., & Malmqvist, T. (2011). Basic building life cycle 
calculations to decrease contribution to climate change - Case study on an official 
building in Sweden. Building and Environment, 46(10), 1863-1871.
[143] Ward, R. (2009). Tackle climate change - use wood. Vancouver, Canada: Kelly 
McCloskey & Associates.
[144] Warren, S. G. (1982). Optical-properties of snow. Review of Geophysics, 20(1), 
67-89.
170
[145] Weiss, M., Patel, M., Heilmeier, H., & Bringezu, S. (2007). Applying distance-to-
target weighting methodology to evaluate the environmental performance of bio-
based energy, fuels and materials. Resources, Conservation and Recycling, 50(3), 
260-281.
[146] White, M., & Wagner, B. (1996). “Ecobalance”: A tool for environmental financial 
management. Pollution Prevention Review, 12-32.
[147] Wiederkehr, R., & Makiol, P. (2008). Konstruktieren mit Holz: 1992-2007. Zürich, 
Switzerland: Lignum.
[148] Winther. B. N., & Hestnes, A. G. (1999). Solar versus green: the analysis of a 
Norwegian row house. Solar Energy, 66(6), 387-393.
[149] Wu, H. J., Yuan, Z. W., Zhang, L., & Bi, J. (2012). Life cycle energy consumption 
and CO2 emission of an office building in China. International Journal of Life Cycle 
Assessment, 17, 105-118. 
[150] Wu, X., Zhang, Z., & Chen, Y. (2005). Study of the environmental impacts based on 
the “green-tax” - applied to several types of building materials. Building and 
Environment, 40(2), 227-237.
[151] Zimmermann, M., Althaus, H. J., & Hass, A. (2005). Benchmark for sustainable 
construction - A contribution to develop a standard. Energy and Buildings, 37(11), 
1147-1157.
171
172
Appendix A - List of Building Projects
Timber settlement in Arlesheim A - 1
7-storey building in Berlin A - 3
Special school in Buchegg A - 5
EPFL dormitory in Lausanne A - 7
Attached housing in Freiburg im Breisgau A - 9
Brüder-Grimm-School in Brakel A - 11
Zinths’ house in Windberg A - 13
4-storey housing in Schaanwald A - 15
Primary school in Triesenberg A - 17
6-storey building in Steinhausen A - 19
Hegianwandweg settlement in Zurich A - 21
Letzistrasse settlement in Zurich A - 23
Wooden settlement in Wallisellen A - 25
Casa Montarian in Lugano A - 27
Hugo Boss administrative in Coldrerio A - 29
Minergie office in Zollikofen A - 31
Suburban housing in Koeniz A - 33
Green office in Givisiez A - 35
4-storey building in Bulle A - 37
Canton school in Wil A - 39
Elders’ settlement in Speicher A - 41
Elementary school in Ossingen A - 43
Marché international office in Kemptthal A - 45
Hill settlement in Grosswil A - 47
Forest Administrative in Biel A - 49
Business Centre in Biel A - 51
Suburban building in Zug A - 53
Attached building in Wettingen A - 55
Secondary school in Geneva A - 57
Schöb AG in Gams A - 59
Project: 1
1_ Basic Information
Full title: Siedlung ‘Obere Widen’, Arlesheim
Location: Birseckstrasse, 4144 Arlesheim, Switzerland
Built in: 1998~1999 Function: housing
Floor area 1): 9,540 m2 Storey: 2+1
Building cost 1):
2_ Structural type
Keywords: Brettstapelholz
Primary material 1): Tragwerk Holz (Fichte/Tanne) : 2,830 m3
Secondary 1): Fassaden Holz (Douglasie) : 170 m3
Profile:
3_ Available information
Drawing: from BCN
Inventory 1):
Photos: from BCN and field investigation of the author
1) cited from ‘Holzbulletin 55/2000 - Wohnsiedlung’. 
Bruttogeschossfläche Holzbau: 9,540 m2  
A - 1
Project: 1
notation:
A - 2
Project: 2
1_ Basic information
Full title: Neubau eines Mehrfamilienhauses
Location: Esmarchstraße 3, 10407 Berlin, Germany
Built in: 2009 Function: housing
Floor area (wood) 1): 1,083.60 m3 Storey: 7
Floor area (all) 1): 1,300.44 m3 Building cost:
2_ Structural type
Keywords: Post-and-beam, Wooden frame
Primary material: Stack-of-plank 1): 225.46 m3
Concrete 47.96 m3 rigid core
Steel as the post-and-beam joint
Secondary:
Profile:
        
3_ Available information
Drawing: from BCN
Inventory:
Photos: from BCN
1) The values are calculated depending on design drawings.
A - 3
Project: 2
notation:
A - 4
Project: 3
1_ Basic information
Full title: Neubau Sonderschulheim, Blumenhaus
Location: 4586 Kyburg-Buchegg, Switzerland
Built in: 1996~1998 Function: education
Floor area 1): 1,518.84 m2 Storey: 3
Building cost 2): 5,393,125 Fr.
2_ Structural type
Keywords: Wood-and-concrete composite, Stack-of-plank
Primary material: Stack-of-plank
Sawn timber
Concrete
Secondary:
Profile:
  
3_ Available information
Drawing: from BCN
Inventory:
Photos: from BCN and field investigation of the author
1) The value is calculated according to design drawings and only refers to the upper 2 
storeys of wooden part.
2) 625 Fr./m3 * 8,629 m3, from ‘Holzbulletin bois 62/2002 - Etablissements Scolaires’.
A - 5
Project: 3
notation:
A - 6
Project: 4
1_ Basic information
Fill title: Foundation Maisons pour Etudiants, EPFL
Location: Route de Chavannes, 1007 Lausanne, Switzelrand
Built in: 2003~2004 Function: housing
Floor area 1): 8,513.58 m2 Storey: 4
Building cost 2): 12,892,500 Fr.
2_ Structural type
Keywords: Rahmenholz, Brettschichtholz, Brettstapelelemente
Primary material 3): Rahmenholz und Brettschichtholz: 506 m3
Brettstapelelemente: 5,767 m3
Secondary 3): Dreischichtplatten: 5,984 m2
OSB: 31,716 m2
Gipsfaserplatten: 10,010 m2
Profile:
3_ Available information
Drawing: from BCN
Inventory 3):
Photos: from BCN and field investigation of the author
1) The value is figured out depending on the plans.
2) 450 Fr./m3 * 28,650 m3, from ‘Holzbulletin 73/2004 - Vier und mehr Geschosse’.
3) cited from ‘Holzbulletin 73/2004 - Vier und mehr Geschosse’
A - 7
Project: 4
notation:
A - 8
Project: 5
1_ Basic information
Full title: Neubau 4-stöckiges Wohngebäude
Location: Ingeborg-Dreiwitz-Allee, 79111 Rieselfeld, Germany
Built in: 1999 Function: housing
Floor area 1): 2,485.5 m2 Storey: 4
Building cost:
2_ Structural type
Keywords: Holz-Beton-Verbund, Brettstapelholz
Primary material: Brettstapelholz: 922.4 m3
Beton
Secondary: Faserplatten
Profile:
3_ Available information
Drawing: from BCN
Inventory: from BCN
Photos: from BCN and field investigation of the author
1) The value is calculated according to design plans.
A - 9
Project: 5
notation:
A - 10
Project: 7
1_ Basic information
Full title: Anbau Brüder-Grimm-Schule Brakel
Location: Klöckerstraße 12, 33034 Brakel, Germany
Built in: 2009 Function: education
Floor area 1): 288 m2 Storey: 2
Building cost:
2_ Structural type
Keywords: Brettstapelholz, Trägerrostkonstruktion (Sternrose)
Primary material: Brettstapelholz: 66.77 m3
Vollholz: 8.69 m3
Secondary:
Profile:
3_ Available information
Drawing: from BCN
Inventory 2):
Photos: from BCN
1) The value is calculated based on the plans.
2) The inventory is established depending on the design drawings.
A - 11
Project: 7
notation:
A - 12
Project: 8
1_ Basic information
Full title: Anbau Einfamilienhaus Familie Zinth
Location: Windberg, Germany
Built in: 2010 Function: housing
Floor area 1): 129.8 m2 Storey: 2
Building cost:
2_ Structural type
Keywords: Stack-of-plank, passive solar collector
Primary material: Stack-of-plank 1): 61.5 m3
Secondary: Glass
Profile:
3_ Available information
Drawing: from BCN
Inventory 2):
Photos: from BCN and field investigation of the author
1) These values are figured out according to the design drawings.
2) The inventory is primarily built up based on the design drawings.
A - 13
Project: 8
notation:
A - 14
Project: 9
1_ Basic information
Full title: Wohnanlage Schaanwald
Location: Vorarlbergerstrasse 44, 9486 Schaanwald, FL
Built in: 1996 Function: housing
Floor area 1): 1,609.91 m2 Storey: 4
Building cost 2): 3,702,793 Fr.
2_ Structural type
Keywords: Wood-and-concrete composite
Primary material: Stack-of-plank 3): 348.4 m3
Concrete
Secondary: Fibreboard
Profile:
  
3_ Available information
Drawing: from BCN
Inventory: from BCN
Photos: from BCN and field investigation of the author
1) cited from documents of BCN.  Bruttogeschossfläche BGF: 1,609.91 m2, 
Hauptnutzfläche: 1,093.30 m2, Neben-Nutzfläche: 148.08 m2
2) 2,300 Fr./m2 * 1,609.91 m2 = 3,702,793 Fr., cited from documents of BCN.
3) cited from the document of BCN.
A - 15
Project: 9
notation:
A - 16
Project: 10
1_ Basic information
Full title: Primarschule Obergufer Triesenberg
Location: Obergufer, 9497 Triesenberg, Liechtenstein
Built in: 1994 Function: education
Floor area 1): 11,751.31 m2 Storey: 5
Building cost 1): 32,000,000 Fr.
2_ Structural type
Keywords: Wood-and-concrete composite
Primary material: Stack-of-plank (for the floor)
Concrete
Secondary: Wooden board
Profile:
3_ Available information
Drawing: from BCN
Inventory:
Photos: from BCN and field investigation of the author
1) cited from documents of BCN.
Bruttogrundfläche (BGF): 11,751.31 m2.  Kubatur: 44,673 m3.
A - 17
Project: 10
notation:
A - 18
Project: 11
1_ Basic information
Full title: Sechsgeschossiges Mehrfamilienhaus
Location: Zugerstrasse 20, 6312 Steinhausen, Switzerland
Built in: 2005~2006 Function: housing
Floor area 1): 1,647 m2 Storey: 6
Building cost:
2_ Structural type
Keywords:
Primary material 2): Rahmenbaukanteln & Brettschichtholz: 155 m3
Brettstapel: 29 m3
Secondary 2): Massivholzplatten 196mm: 116 m2
Massivholzplatten 27, 40 & 42mm: 1,257 m2
OSB 12mm & 15mm: 4,869 m2
OSB 30mm: 4,217 m2
Furnierschichtholz: 29 m3
Gipsfaser- und Gipskartonplatten: 8,751 m2
Fassadenbekleidung - Zedernholz: 1,515 m2
3_ Available information
Drawing:
Inventory:
Photos: mainly from the field investigation of the author
1) cited from ‘Holzbulletin 86/2008 - Mehrgeschossige Wohnbauten’.
Nettowohnfläche:1,647 m2, Grundstücksfläche:1,581 m2, Gebäudegrundfläche:411 m2.
2) cited from ‘Holzbulletin 86/2008 - Mehrgeschossige Wohnbauten’.
A - 19
Project: 11
notation:
A - 20
Project: 12
1_ Basic information
Full title: Wohnüberbauung Hegianwandweg Zürich
Location: Hegianwandweg 28-36, 8045 Zürich, Switzerland
Built in: 2002~2003 Function: housing
Floor area 1): 33,500 m2 Storey: 5
Building cost 2): 32,900,000 Fr.
2_ Structural type
Keywords:
Primary material 2): Brettschichtholz: 350 m3
Brettstapelelements: 1,300 m3
Secondary 2): Gipsfaser- und Gipskartonplatten: 7,300 m2
Profile:
3_ Available information
Drawing:
Inventory:
Photos: mainly from the field investigation of the author
1) The floor area is calculated based on the information in ‘Holzbulletin 73/2004 - Vier und 
mehr Geschosse’.
2) cited from ‘Holzbulletin 73/2004 - Vier und mehr Geschosse’.
A - 21
Project: 12
notation:
A - 22
Project: 13
1_ Basic information
Full title: Totalsanierung einer Siedlung mit Aufstockungen
Location: Möhrlistrasse + Letzistrasse, 8006 Zürich, CH
Built in: 2004~2007 Function: housing
Floor area 1): 2,675 m2 Storey: 2 and 4
Building cost 1): 6,300,000 Fr.
2_ Structural type
Keywords:
Primary material 1): Rahmenbaukanteln & Brettschichtholz: 71 m3
Secondary 1): Dreischichtplatten 27mm: 1,063 m2
mehrschichtige Massivholzplatten 70mm: 293 m2
OSB 15mm: 1,280 m2
Gipskartonplatten 12.5mm: 261 m2
Gipsfaserplatten 15mm: 1,547 m2
Latten: 7,423 m
Sandwichplatten 15mm: 583 m2
Zedernlamellen: 1,128 m2
3_ Available information
Drawing:
Inventory:
Photos: mainly from the field investigation of the author
1) cited from ‘Holzbulletin 78/2006 - Aufstockungen’.
Geschossfläche SIA 416: 2,675 m2, Gebäudegrundfläche: ca 980 m2.
A - 23
Project: 13
notation:
A - 24
Project: 14
1_ Basic information
Full title: Wohnüberbauung Balance
Location: Melchrütistrasse 4-28, 8304 Wallisellen, Switzerland
Built in: 1999~2003 Function: housing
Floor area 1): 12,900 m2 Storey: 5
Building cost 1): 42,000,000 Fr.
2_ Structural type
Keywords:
Primary material 1): Brettschichtholz: 127 m3
Doppel-T-Träger 2): 6,982 m => 109 m3
Parallam: 39 m3
Secondary 1): OSB: 1,000 m2
zementgebundene Holzspanplatten: 400 m2
Brüstung & Untersicht (Douglasie): 5,600 m2
Profile:
3_ Available information
Drawing:
Inventory:
Photos: mainly from the field investigation of the author
1) cited from ‘Holzbulletin - Leistung, dem Holz zuliebe’.
Bruttogeschossfläche: 12,900 m2  
2) Mittel: 140mm*40mm, Oben&Unten: 125mm*40mm. => cross-section: 0.0156 m2. 
A - 25
Project: 14
notation:
A - 26
Project: 15
1_ Basic information
Full title: Casa Montarina
Location: Via Aprica 30, 6900 Lugano, Switzerland
Built in: 2007~2008 Function: housing
Floor area 1): 600 m2 Storey: 5
Building cost 2): 712,000 Fr.
2_ Structural type
Keywords:
Primary material 2): Vollholz & Brettschichtholz: 60 m3
Kastenelemente 3): 480 m2 => 76.8 m3
Schalenelemente 3): 130 m2 => 26 m3
Secondary 2): Dreischichtplatten: 180 m2
OSB: 1,540 m2
Gipsfaserplatten: 2,800 m2
Profile:
        
3_ Available information
Drawing:
Inventory:
Photos: mainly from the field investigation of the author
1) approximately estimated according to the instruction of ‘Holzbulletin - 88/2008’.
Energiebezugsfläche: 741 m2  
2) cited from ‘.Holzbulletin 88/2008 - Energieeffiziente Wohnbauten’.
Baukosten (BKP 2): 2.3 Mio, davon BKP 214: 0.712 Mio.
3) Kastenelemente 220mm for Wohnungstrenndecke: 120 m2, Kastenelement 140mm for 
Geschosstrenndecke: 360 m2.  Schalenelemente des Daches: 200mm in thickness
A - 27
Project: 15
        
notation:
A - 28
Project: 16
1_ Basic information
Full title: Verwaltungs- und Entwicklungsgebäude Hugo Boss
Location: Via Sant’Apollonia 32, 6877 Coldrerio, Switzerland
Built in: 2005~2006 Function: office
Floor area 1): 9,332.32 m2 Storey: 3
Building cost:
2_ Structural type
Keywords:
Primary material 2): Brettschichtholz Fichte: 220 m3
Brettschichtholz Lärche: 60 m3
Brettstapelelemente: 900 m3
Secondary 2): OSB: 3,200 m2
mitteldichte Holzfaserplatten: 1,100 m2
Stahlbau: 350 ton
Profile:
3_ Available information
Drawing:
Inventory:
Photos: mainly from the field investigation of the author
1) The value is inferred based on the plans and only refers to the 3 floors above ground.
Geschossfläche: 2,890 m2, Grundstücksfläche: 10,500 m2, Nutzfläche: 14,460 m2.
2) cited from ‘Holzbulletin 81/2006 - Kanton Tessin’.
A - 29
Project: 16
notation:
A - 30
Project: 17
1_ Basic information
Full title: Verwaltungsgebäude Swissgenetics
Location: Meielenfeldweg 12, 3052 Zollikofen, Switzerland
Built in: 2007 Function: office
Floor area 1): 1,842 m2 Storey: 3
Building cost 1): 1,390,000 Fr.
2_ Structural type
Keywords: Minergie Haus
Primary material 1): Vollholz: 30 m3
Brettschichtholz: 90 m3
Brettstapelelemente: 165 m3
Secondary 1): Dreischichtplatten: 1,500 m2
OSB: 800 m2
Gipsfaserplatten: 2,500 m2
Lattung für Akustikelemente der Decken: 18,100 m
Fassdaenbekleidung - Schalung Douglasie: 800 m2
Stahlteile: 65 ton
Profile:
    
3_ Available information
Drawing:
Inventory:
Photos: mainly from the field investigation of the author
1) cited from ‘Holzbulletin 90/2009 - Ausdrucksstarke Bürobauten’.  Geschossfläche SIA 
116: 1,842 m2.  Baukosten BKP 2: 6.5 Mio Fr., davon BKP 214: 1.39 Mio Fr.
A - 31
Project: 17
notation:
A - 32
Project: 18
1_ Basic information
Full title: Mehrfamilienhaus am Finkenweg
Location: Finkenweg 4+6, 3098 Köniz, Switzerland
Built in: 2004~2005 Function: housing
Floor area 1): 1,764 m2 Storey: 3+1
Building cost 2): 5,160,000 Fr.
2_ Structural type
Keywords:
Primary material 1): Rahmenbaukanteln: 54 m3
Brettschichtholz: 15 m3
Brettstapelelemente: 154 m3
Furnierschichtholz: 19 m3
Secondary 1): Massivholzplatten - 60mm: 180 m2 / 27mm: 650 m2
OSB: 2,400 m2
Gipsfaserplatten: 5,500 m2
Lattung 50mm*50mm : 12 m3
Fassadenbekleidung - in Tanne (Fir): 950 m2
Sand als Beschwerung: 8,000 kg
HEB Träger und RHS Stützen: 14,000 kg
3_ Available information
Drawing:
Inventory:
Photos: mainly from the field investigation of the author
1) cited from ‘Holzbulletin 86/2008 - Mehrgeschossige Wohnbauten’
Geschossfläche BGF: 1,764 m2, Grundstücksfläche: 1,770 m2.
2) Baukosten BKP 2, including parking garage, cited from ‘Holzbulletin 86/2008’.
A - 33
Project: 18
notation:
A - 34
Project: 19
1_ Basic information
Full title: Green Offices
Location: Rue Jean Prouvé 14, 1762 Givisiez, Switzerland
Built in: 2006~2007 Function: office
Floor area 1): 1,299 m2 Storey: 3
Building cost 2): 1,080,000 Fr.
2_ Structural type
Keywords: Green office
Primary material 2): Vollholz: 78 m3
Brettschichtholz: 43 m3
Secondary 2): Dreischichtplatten: 420 m2
OSB: 950 m2
Massivholzplatten 60mm: 220 m2
mitteldichte Holzfaserplatten: 1,000 m2
zementgebundene Spanplatten: 400 m2
Profile:
3_ Available information
Drawing:
Inventory:
Photos: mainly from the field investigation of the author
1) cited from resources in the website of ‘lutz architecte’.
2) cited from ‘Holzbulletin 90/2009 - Ausdrucksstarke Bürobauten’.
Baukosten BKP 2: 3.09 Mio Fr., davon BKP 214: 1.08 Mio Fr.
A - 35
Project: 19
notation:
A - 36
Project: 20
1_ Basic information
Full title: Verwaltungs- und Wohngebäude Segérime SA
Location: Route de la Pala 11C, 1630 Bulle, Switzerland  
Built in: 2007 Function: mix
Floor area 1): 1,322.55 m2 Storey: 4
Building cost 2): 620,000 Fr.
2_ Structural type
Keywords:
Primary material 2): Massivholzplatten: 194 m3
Brettschichtholz: 84 m3
Secondary 2): OSB: 1,120 m2
Profile:
 
3_ Available information
Drawing:
Inventory:
Photos: mainly from the field investigation of the author
1) The value is figured out according to the design plans and only refers to the 4 floors 
above the ground, without RC construction of parking garage.
2) cited from 'Holzbulletin 90/2009 - Ausdrucksstarke Bürobauten’.
Baukosten (BKP 2): 4.1 Mio Fr., davon BKP 214: 0.62 Mio Fr.
A - 37
Project: 20
notation:
A - 38
Project: 21
1_ Basic information
Full title: Kantonsschule Wil
Location: Hubstrasse 57, 9500 Wil, Switzerland
Built in: 2001~2004 Function: education
Floor area 1): 14,743 m2 Storey: 2 - 4
Building cost 2): 49,700,000 Fr.
2_ Structural type
Keywords:
Primary material 2): Brettschichtholz: 1,590 m3
Rahmenhölzer: 430 m3
Massivholz: 160 m3
Secondary 2): Dreischichtplatten - 20~30mm  & 40mm: 8,530 m2
OSB: 6,820 m2
Furnierschichtholz: 3,070 m2
MDF (= mitteldichten Faserplatten): 5,120 m2
Weichfaserplatten: 3,470 m2
Gipsfaserplatten: 6,170 m2
Fassade - Eichenholz: 300 m3
3_ Available information
Drawing:
Inventory:
Photos: mainly from the field investigation of the author
1) cited from resources and information from Kantonsschule Wil.
2) cited from ‘Holzbulletin - Leistung, dem Holz zuliebe’.
A - 39
Project: 21
notation:
A - 40
Project: 22
1_ Basic information
Full title: Alterswohnungen
Location: Zuan 5-7, 9042 Speicher, Switzerland
Built in: 2004~2006 Function: housing
Floor area 1): 7,271.55 m2 Storey: 4 & 5
Building cost 2): 1,230,000 Fr.
2_ Structural type
Keywords:
Primary material 2): Brettschichtholz: 182 m3
Rahmenbaukanteln: 148 m3
Deckenelemente in BSH 140mm: 2,050 m2
Secondary 2): OSB 18mm: 4,250 m2
OSB 25mm: 600 m2
Holzfaserplatten: 2,570 m2
Profile:
3_ Available information
Drawing:
Inventory:
Photos: mainly from the field investigation of the author
1) The value is figured out based on plans and refers to only the floors above the ground.
2) cited from ‘Holzbulletin 86/2008 - Mehrgeschossige Wohnbauten’.
Baukosten (BKP 2): 17.65 Mio Fr., davon BKP 214: 1.23 Mio Fr. (Holzbau)
A - 41
Project: 22
notation:
A - 42
Project: 23
1_ Basic information
Full title: Neubau Primarschulhaus mit Turnhalle
Location: Guntibachstrasse, 8475 Ossingen, Switzerland
Built in: 2005~2006 Function: education
Floor area 1): 2,062.02 m2 Storey: 3
Building cost 2): 6,050,000 Fr.
2_ Structural type
Keywords:
Primary material 2): Vollholz: 25 m3
Brettschichtholz: 45 m3
Brettstapelelemente: 180 m3
Secondary 2): Holzwerkstoffplatten: 40 m3
Fassadenbekleidung - in Weisstanne: 1,100 m2
Profile:
3_ Available information
Drawing:
Inventory:
Photos: mainly from the field investigation of the author
1) The floor area is estimated depending on design plans from ‘Holzbulletin 89/2008’.
wooden construction: 2,062.02 m2, entire building: 2,757.69 m2.
2) cited from ‘Holzbulletin 89/2008 - Schulen’.  Baukosten BKP 2: 6.05 Mio CHF.
A - 43
Project: 23
notation:
A - 44
Project: 24
1_ Basic information
Full title: Support Office Marché International
Location: Alte Poststrasse 2, 8310 Kemptthal, Switzerland
Built in: 2006~2007 Function: office
Floor area 1): 1,454 m2 Storey: 3
Building cost 2): 2,918,799 Fr.
2_ Structural type
Keywords:
Primary material 1): Rippen Blockholz: 75 m3
Brett- Blockholz: 44 m3
Vollholz in Lärche: 10 m3
Dreischichtplatten Blockholz 3): 4,080 m2 => 122.4 m3
Secondary 1): Dreischichtplatten: 260 m2
stabverleimte Massivholzplatten: 180 m2
Gipsfaerplatten: 380 m2
zementgebundene Spanplatten: 85 m2
hochdichte Holzfaserplatten: 810 m2
Terrassenrost in Lärche: 260 m2
Fassadenbekleidung - in Lärche: 510 m2
Fassadenplatten: 560 m2
OSB: 490 m2
Latten: 10 m3
3_ Available information
Drawing:
Inventory:
Photos: mainly from the field investigation of the author
1) cited from ‘Holzbulletin 90/2009 - Ausdrucksstarke Bürobauten’.
2) Gebäudevolumen SIA 416: 5,757 m3, Kubikmeterpreis SIA 416 (BKP 2): 507 Fr/m3.
3) The thickness of this sort of board is set as 30mm, according to the detail drawings.
A - 45
Project: 24
notation:
A - 46
Project: 25
1_ Basic information
Full title: Mehrfamilienhäuser Grosswil
Location: Grosswil, 6048 Horw, Switzerland
Built in: 2006~2007 Function: housing
Floor area 1): 2,316.26 m2 Storey: 3
Building cost:
2_ Structural type
Keywords:
Primary material 2): Rahmenbaukenteln: 93 m3
Brettstapelelemente: 155 m3
Secondary 2): OSB: 1,140 m2
Dreischichtplatten: 1,470 m2
diffusionsoffene Holzfaserplatten: 840 m2
Profile:
3_ Available information
Drawing:
Inventory:
Photos: mainly from the field investigation of the author
1) The value is approximately appraised based on statements and plans of the complex.
Anrechenbare Geschossflächen: 1,465 m2, Geschossfläche: 3,999 m2, 
Grundstücksfläche: 4,374 m2, Grundstücksfläche (mit Wald): 5,437 m2, 
Gebäudegrundfläche: 750 m2 (250 m2 pro Haus)
2) cited from ‘Holzbulletin 86/2008 - Mehrgeschossige Wohnbauten’.
A - 47
Project: 25
notation:
A - 48
Project: 26
1_ Basic information
Full title: Forstwerkhof der Burgergemeinde Biel
Location: Reuchenettestraße 129, 2504 Biel, Switzerland
Built in: 2006~2007 Function: office
Floor area 1): 1,400 m2 Storey: 2
Building cost 2): 668,000 Fr.
2_ Structural type
Keywords:
Primary material 1): Brettschichtholz: 52 m3
Vollholz: 57 m3
Rahmenholz: 29 m3
Brettstapel: 75 m3
Secondary 1): Dreischichtplatten: 1,040 m2
zementgebundene Spanplatten: 210 m2
Gipsfaserplatten: 460 m2
diffusionsoffene, mitteldichte Faserplatten: 305 m2
OSB: 2,020 m2
Lattungen: 1,250 m
3_ Available information
Drawing:
Inventory:
Photos: mainly from the field investigation of the author
1) cited from ‘Holzbulletin 91/2009 - Werkhöfe’.
Grundstücksfläche SIA 416: 11,958 m2; Geschossfläche: 1,400 m2.
2) Baukosten BKP 2: 3.07 Mio Fr., davon BKP 214: 668,000 Fr.
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Project: 27
1_ Basic information
Full title: Business-Centre Grenchenstraße, Biel
Location: Grenchenstraße 5a-e, 2504 Biel, Switzerland
Built in: 2005~2006 Function: mix
Floor area: 4,900 m2 Storey: 3
Building cost: 8,000,000 Fr.
2_ Structural type
Keywords:
Primary material 1): Rahmenbaukanteln: 130 m3
Brettschichtholz: 140 m3
Hohlkastenelemente 220m: 2,800 m2
Secondary 1): OSB 22mm: 2,400 m2
OSB 15mm: 6,000 m2
dampf-diffusionsoffene mitteldichte Holzfaserplatten 
15mm: 4,000 m2
Schichtstoff-platten (HPL) 6mm: 3,500 m2
Bodenbelag massiv Eiche 24mm: 4,200 m2
Profile:
3_ Available information
Drawing:
Inventory:
Photos: mainly from the field investigation of the author
1) cited from ‘Holzbulletin 80/2006 - Büroräume’. Bruttogeschossfläche SIA 116: 4,900 m2.
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Project: 28
1_ Basic information
Full title: Mehrfamilienhaus an der Lorzenstrasse, Zug
Location: Lorzenstrasse 4 und 6, 6300 Zug, Switzerland
Built in: 2002~2003 Function: housing
Floor area: 1,658 m2 Storey: 4
Building cost 1): 6,014,560 Fr.
2_ Structural type
Keywords:
Primary material 1): Massivholz: 23 m3
Brettschichtholz: 12 m3
Brettstapelelemente: 1,505 m2
Secondary 1): Gipsfaser- und Gipskartonplatten: 1,385 m2
sägerohe, einheimische Douglasie 21mm: 530 m2
Holzpfählung: 2,000 m
Profile:
3_ Available information
Drawing:
Inventory:
Photos 1):
1) cited from ‘Holzbulletin 73/2004 - Vier und mehr Geschosse’.
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Project: 29
1_ Basic information
Full title: Wohnüberbauung Pianoforte, Wettingen
Location: Halbartenstraße 71-75, 5430 Wettingen, Switzerland 
Built in: 2002~2003 Function: housing
Floor area 1): 12,457 m2 Storey: 3+1
Building cost:
2_ Structural type
Keywords:
Primary material 2): Lemellenverleites Holz: 210 m3
Secondary 2): OSB 15mm: 4,500 m2
Spanplatten V100 25mm: 1,300 m2
mitteldichte Holzfaserplatten 16mm: 1,700 m2
Gipsfaserplatten 12.5mm: 3,800 m2
Zedernholz: 2,250 m2
Profile:
3_ Available information
Drawing:
Inventory:
Photos: mainly from the field investigation of the author
1) The floor area is calculated based on the plans.
2) cited from ‘Holzbulletin 73/2004 - Vier und mehr Geschoss’.
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Project: 30
1_ Basic information
Full title: Sekundarschulhaus Seymez, Chêne-Bourg
Location: Avenue de Mirany, 1225 Chêne-Bourg, Switzerland
Built in: 2005~2007 Function: education
Floor area 1): 17,266 m2 Storey: 2
Building cost 2): 9,000,000 Fr.
2_ Structural type
Keywords:
Primary material 2): Vollholz: 40 m3
Brettschichtholz: 1,020 m3
Massivholzplatten fünfschichtig 160mm: 1,940 m3
Secondary 2): Dreischichtplatten: 4,500 m2
Akustikbekleidungen beschichtet 7,150 m2
zementgebundene Holzwerkstoffplatten 25mm: 7,500 m2
Holzwerkstoffplatten: 7,815 m2
Pakett in Eiche 22mm: 7,815 m2
Profile:
3_ Available information
Drawing:
Inventory:
Photos:
1) calculated according to the design drawings
2) cited from ‘Holzbulletin 89/2008 - Schulen’. Baukosten BKP 2 CHF 38.5 Mio, davon BKP 
214 CHF 9 Mio.
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Project: 31
1_ Basic information
Full title: Büroneubau Schöb AG, Gams
Location: Haagerstrasse 80, 9473 Gams, Switzerland
Built in: 2006 Function: office
Floor area 1): 1,193 m2 Storey: 3
Building cost 1): 560,000 Fr.
2_ Structural type
Keywords:
Primary material 1): Rahmenbaukanteln: 15 m3
Brettschichtholz: 34 m3
Massivholzdecken: 103 m3
Furnierschichtholz: 6 m3
Secondary 1): Holzwerkstoffplatten: 6 m3
Fassadenbekleidung - thermisch behandelte Fichte: 953 m2
Profile:
3_ Available information
Drawing:
Inventory:
Photos:
1) cited from ‘Holzbulletin 90/2009 - Ausdrucksstarke Bürobauten’. Baukosten BKP 2 CHF 
2.1 Mio, davon BKP 214 CHF 0.56 Mio.
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